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PHASE I REPORT 

SEISMIC SAFETY INVESTIGATION OF EIGHT SC5 DAMS 

in 

SOUTHWESTERN UTAH 

I. INTRODUCTION 

A. General 

An investigation of geologic, tectonic, am3 seismic conditions in the  vicinity 

of eight Soil Conservation Service (SCS) flood control dams located in southwestern 

Utah (see Figure 1) was conducted during la te  1981 and early 1982 by Earth 

Sciences Associates. The conditions of the embankments and their foundations was 

also investigated by a drilling, test pitting, sampling, and testing program. Results 

of the first phase of this investigation (as described under Purpose and Scope 

below) are  presented in this report. Detailed descriptions of t h e  field investiga- 

tion, laboratory investigations, regional geology and tectonics, and seismicity of  

the region are presented in the appendices contained in a separate volume. 

B. Purpose and Scope 

The two major purposes of the overall investigation are: 

o To determine the safety of these dams with respect to potential for 

surface fault rupture in the foundation areas (and consequent offset of 

the embankments); and 

o To evaluate the ability of the embankments t o  resist strong seismic 

shaking likely to occur in the region, along with determination of the  

characteristics of shaking that  is probable a t  each dam site. 
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This "Phase I" report is a mid-investigation report being written after  the  

completion of the field investigation phases of the investigation, but before the  

embankment stability analyses have been performed. I t  primarily reports on 

geologic/tectonic/seismic conditions in southwestern Utah and in t h e  specific dam 

site areas, but also describes embankment conditions found t o  exist during t h e  

drilling and test pit excavation portions of the field investigation. The specific 

tasks reported on herein are listed in the ESA proposal for this project dated 

September, 1981 under "Phase I - Seismic Hazard Study" as  Tasks a through m. A 

portion of the laboratory testing program (which is  part of Phase I1 (Tasks IIa and 

b)), has been performed and is reported on in Appendix D. 

End products of the overall study will include an evaluation of the safety of 

the  dams with respect to faulting and seismic shaking, the  development of 

recommendations for remedial measures should hazards be found to  exist, and the  

development of recommendations for courses of action for the SCS t o  take both 

under existing conditions and following an earthquake (if any of the  dams is  

determined to have significant safety problems). These matters will be  addressed 

in the Phase II report to  follow. 

C. Background Information 

The dams investigated during this investigation are relatively low earthfill 

embankments. They were constructed for the purpose of temporarily retaining 

flood waters that flow down the drainages of this semi-arid environment during 

infrequent periods of heavy rainfall ("thunder showers"). They were constructed by 

the SCS in order to  protect downstream areas from flooding that  had periodically 

occurred before construction of these dams. Since construction of the dams, rapid 

increases in population in the St. George and Cedar City areas has changed the 

downstream land use markedly. Areas that were once dominantly agricultural o r  

rural a r e  becoming more urbanized, and houses have been constructed in areas just 

downstream of some of the dams (Green Lakes 2 and 3, and Ivins, in particular). 
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As a result of these rapid changes in downstream land use, the  consequences 

of failure of some of these structures has increased markedly. Consequently, even 

though these reservoirs are  infrequently filled, the SCS has contracted to  have the  

safety of these dams evaluated. This was done in order that remedial measures can 

be developed in the event that  hazards are determined to  exist, and so that  there 

would be a basis for decisions about the dams1 relative usefulness in mitigating 

versus creating potential hazards to downstream residents and property. 

D. Performance 

Work on this project was performed for the SCS West Technical Center in 

Portland, Oregon. C. Edward Stearns is the Project Coordinator for the  SCS, and 

Joan K. Johnson is the Contract Administrator. Other SCS personnel who have 

been directly involved with this project a re  Don Wallin, Bob Nelson, Bob Rasely, 

and Claud Scoles. 

ESA personnel who have worked on this project include: Douglas M. Yadon, 

who logged the drill holes and supervised the initial field operations; Richard 

Morris, who logged the test pits and performed the field density tests; Robert H. 

Wright, who performed the photogeologic studies, and developed the  strip map of 

the Hurricane fault zone and the site specific photogeologic mapping; T. Dwight 

Hunt, who performed the field geologic mapping, logged t h e  trenches, and 

developed the site specific geologic maps and trench logs; Michael L. Traubenik, 

who analyzed the existing SCS data and made engineering evaluations of the  

embankments; Julio E. Valera, who was Project Manager and coordinated the 

engineering and budget control portions of the project; and Eugene A. Nelson, who 

was Principal in Charge and coordinated the geologic portions of the  work. The 

report was written by Wright, Hunt, Traubenik, Valera and Nelson, and typed by 

Kathleen McCracken. Tom Camara and Dave O'Shea performed the drafting. 

Working as a consultant t o  Lindvall Richter and Associates (LRA), who a r e  

subcontractors to ESA on this project, Dr. Walter J. Arabasz performed the 
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evaluations of seismic and tectonic conditions in the  region, and wrote the 

extensive discussions on these subjects tha t  appear in Appendices E and F. Richard 

J. Proctor of LRA coordinated the seismic studies for LRA. 
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LI. CONCLUSIONS AND RECOMMENDATIONS 

Preliminary conclusions and recommendations pertaining t o  the  subject 

matter of this initial report a re  presented below. 

1. Trenches excavated near the south corner of Gypsum Wash Dam expose 

offsets in young-appearing sedimentary deposits that have been estimated t o  be of 

Holocene age by ESA's consultant on soil stratigraphy, Dr. Roy J. Shlelnon (see 

Chapter VIII). This finding differs with previously available information regarding 

recency of faulting in southwestern Utah. Nevertheless, ESA believes that  these 

near-surface offsets may be  of consequence to the dam. The potential for damage 

t o  the embankments depends upon the recurrence interval between episodes of 

surface faulting and the amount of displacement possible during a single event. 

These factors, and the consequent potential for damage to the embankments, will 

be evaluated during Phase I1 of this investigation. 

2. No evidence of faulting was found in trenches excavated a t  the Green's 

Lake 2 and 3 Dams, but i t  is obvious from the photogeologic studies that  these 

dams are within a zone containing several strands of the Hurricane fault (see 

Figures IV-2 and VILI-5). Charcoal samples from the deposits exposed in these 

trenches have been submitted for age dating, and should provide an indication of 

the age of unfaulted surficial deposits a t  these sites. The potential for damage t o  

the embankments of Green's Lake Dams No. 2 and 3 will be evaluated during Phase 

I1 of this investigation. 

3. Relatively young (late Pleistocene) faulting was exposed in a trench 

excavated along the eastern margin of Green's Lake No. 5 Reservoir, and faults of 

similar age probably exist along the eastern front of the basalt near the main dam 

(see Figure VIII-5). These faults do not pass beneath the main dam, however, which 

is located west of the western edge of the fault-bounded northsouth valley (see 

Figure VIII-10). 

4. There is no potential for surface fault offset a t  the other four dam sites 

(Frog Hollow, Warner Draw, S tucki, and Ivins) (see detailed descriptions of geologic 
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conditions at the  dam si tes  in Chapter VIII of this report). Strong ground shaking is 

likely t o  occur a t  all of these s i tes  (see Conclusion 7), and t h e  seismic stabil i ty 

analyses performed during Phase I1 of this investigation will include consideration 
of t h e  characterist ics of shaking likely t o  occur at the  dam s i tes  during thei r  useful  
life. 

5. A drill hole located on the  cres t  of Frog Hollow Dam encountered very 

loose soil deposits in one portion of t h e  foundation. Further drilling t o  e i ther  s ide  

of the  f i rs t  hole did not encounter similar conditions. SCS records indicate t h a t  

t h e  loose materials  encountered may represent improperly placed backfill of a 
trench containing a pipe removed frorn the  smaller original dam t h a t  was buried 

beneath t h e  raised embankment. The  SCS is evaluating this si tuation outside t h e  

scope of this contract .  

6. The regional tectonic/seismic environment of southwestern Utah is 

complex, and has  been comprehensively described by Dr. Walter J. Arabasz in 

Appendices E and F, which a r e  summarized in Chepters IV, V, VI, and  VII. T h e  

Cedar  City-St. George a r e a  lies along a tectonically act ive  in t rapla te  boundary. 

While the  level of seismicity is not a s  high a s  tha t  along t h e  Pacific/North 

American plate boundary, t h e  historical record contains more  than 20 earthquakes 

in the  Magnitude 5 t o  6 i +  range within 200 km of the  study a r e a  (see Table F-1). 

The  recurrence interval  for larger events is longer than the  available record (see 

Table F-3), but a Magnitude 7 to  74 event is thought t o  be t h e  maximum credible 

earthquake for t h e  region with a recurrence of 200 t o  700 years  for a l l  of 

southwestern Utah. 

7. Magnitudes of both the maximum credible and maximum probable 

earthquake which could occur on t h e  major faul t  zones located in close proximity 

t o  each of t h e  dam s i t es  are tabulated in Table 11-1. Also presented in this t ab le  

a r e  t h e  recurrence intervals for these two earthquake levels. Assuming t h a t  they 

c a n  occur in close proximity t o  each dam site, it can be seen f rom this table  t h a t  

t h e  magnitude of the  maximum credible earthquake ranges f rom 7 t o  7; with a 

recurrence interval of 1,000 t o  10,000 years. The magnitude of t h e  maximum 

probable earthquake for all dam s i tes  is a 6 with a recurrence interval  ranging f rom 

200 t o  300 years. 
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Table  11-1 

Dam - 
Green's Lake 
No. 2 

Green's Lake 
No. 3 

Green's Lake 

No. 5 

Gypsum Wash 

Warner Draw 

Stucki  

Frog  Hollow 

Ivin's 

Es t imated  Magnitude and Recurrence Interval  of Maximum Credible and Maximum Probable 
Earthquakes in t he  Vicinitv of Dam Si tes  

Maximum Credible 
Closest  Fau l t  Distance t o  Tota l  Fau l t  Recurrence 

t o  Dam Si te  Fau l t  (miles) Length (miles) Magnitude Interval (yrs) 

Hurricane 0 160 7.5 1,000-10,000 

Hurricane 0 160 7.5 1,000-10,000 

Hurricane 0 160 7.5 1,000-10,000 

Washington 0 4 0 7.0 2,000-10,000 
Hurricane 10 160 7.5 1,000-10,000 

Washington 1 4 0 7.0 2,000-10,000 
Hurricane 9 160 7.5 1,000-10,000 

Washington 0.5 4 0 7.0 2,000-10,000 
Hurricane 10 160 7.5 1,000-10,000 

Hurricane 2 160 7.5 1,000-10,000 

Grand Wash 5 100 7.5 2,000-10,000 

Maximum Probable 
Recurence 

Magnitude Interval (yrs) 



For purposes of this study, the maximum probable earthquake represents an 

event which has a reasonable probability of occurring during the life of these 

facilities. Although the magnitude of the earthquake selected for design should be 
based on the level of risk which the owner of the facility is willing to accept for 

each specific dam site, it is our judgment, and that of our consultant Dr. Arabasz, 

that a Magnitude 6 event represents a reasonable earthquake which could occur 

during the life of these facilities and one which each dam should be able to 

withstand without catastrophic consequences. 
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111. OPERATIONAL HIS'I'ORY AND PHYSICAL CHARACTERISTICS 

OF THE DAMS 

The eight dams investigated during this study were constructed by the  SCS in 

order to protect downstream areas from flood waters and to  trap sediment. The 

three dams in t h e  Cedar City area were constructed in 1958. The five dams near 

St. George were construe ted during the  period of 1974-78 (the existing Frog Hollow 

Dam represents a raise of an existing dam that  was first constructed in 1956). 

The intended purpose of the dams is to retain the infrequent large flows of 

water that  result from thundershowers in this arid area, and then t o  release the  

water a t  diminished flow rates over the next few days. Consequently, the  

reservoirs behind the  dams are  dry except af ter  heavy rainfalls. Available 

information indicates that t h e  dams and reservoirs have performed in this manner 

since construction with one exception. The original trash rack on the  outlet of 

Green's Lake No. 3 became plugged by debris in 1967, which caused water to ' 

remain in the reservoirs for 3 months. The standing water resulted in settlement 

of portions of the reservoir area and embankment (see Figure VIII-2). Table 111-1 

follows this page and presents information compiled from SCS records on 

per for mance of the dams since construction, along with observations on present 

conditions a s  noted during the  field investigation. 

The dams are relatively low earthfill embankments ranging in height from 17  

to  60 feet. Inforination from the  SCS files and ESArs current field investigation on 

the  physical characteristics of the embankments and their foundations is presented 

in Table Ill-2. A detailed discussion of the nature and condition of each dam is 

presented in Appendix G. 
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Table 111-1 

Historv of Performance and Present Condition of Dams 

Dam Performance 1 Conditions 2 

reen1s Lake No. 2 Satisfactory. Some minor Some differential settlement 
slumping of embankment occur- along axis of embankment, and 
red in 1980. some cracks which run parallel 

to the embankment centerline 
were observed. Cracks were 
also noted in the foundation 
in vicinity of embankment. 

Green's Lake No. 3 Operational problems caused Cracks along upstream face 
by subsidence of foundation and transverse to embankment 
soils when water remained in crest were observed. Settle- 
reservoir for 3 mo. Exten- ment of dam crest also 
sive subsidence near east end noticeable. 
of dam which extended under 
embankment. Erosion and piping 
caused cracks to widen. Some 
block rotation of embankment 
occurred as a result of sub- 
sidence. Cracks repaired 
by grouting with a soil- 
slurry mixture. 

Green's Lake No. 5 Satisfactory. 

Gypsum Wash Satisfactory. 

Warner Draw 

St ucki 

Frog Hollow 

Ivins Diversion 
No. 5 

Some minor cracking observed. 

Some buldges noted along 
downstream slope of embank- 
ment. No evidence of settle- 
ment or excessive cracking 
along crest of embankment. 

Satisfactory. Good. 

Satisfactory Good. 

Extensive transverse crack- Longitudinal crack along 
ing of embankment since 1978 upstream face of embankment 
raise. Longitudinal crack- observed. Zone of weak 
ing along upstream face also soil encountered in foun- 
noted. dation in one borehole, 

accompanied by an anomalous 
loss of drilling water. 

Satisfactory. Some minor cracks and 
erosion of embankment noted. 

Notes: 

(1) Performance of dams based on available SCS reports and correspondence. 

(2) Condition of dams noted during field investigation phase of this investigation. 
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TABLE 111-2 
SUMMARY OF EMBANKMENT AND FOUNDATION CHARACTERISTICS 

E M B A N K M E N T  M A T E R I A L S  

SPT 
R E L A T I V E  B L O W  COUNTS 

CLASSIF ICATION COMPACTION - (%I (BLOWSIFOOT) 

F O U N D A T I O N  M A T E R I A L S  
SPT 

R E L A T I V E  BLOW COUNTS 
CLASSIF ICATION COMPACTION - (%I (BLOWSIFOOT) 

MAX. . UPSTREAM DOWNSTREAM 
D A T E  O F  HEIGHT LENGTH SLOPE SLOPE 

D A M  CONSTRUCTION TYPE (FEET) (FEET) (H :V) (H :V)  

Green's Lake 1 9 5 8  Zoned 2 0  1315 3: 1 
No. 2 

Zone I I ICore 
ML,CL 

Alluvial and 
Colluvial Deposits 

Gravelly w i t h  
l ncreasing Depth  

12 t o  82 
(Typical ly  2 0  t o  40) 

Zone IIShells 1051 - 
SM,ML w i t h  Gravel 8 5  - 9 0  

and Cobbles 

Green's Lake 1958 Zoned 17  2030 3: 1 
No. 3 

Alluvial and 8 7  t o  9 3  9 t o  ,100 
Colluvial Deposits (Typical ly  1 5  t o  30)  

Gravelly w i t h  
Increasing Depth  

Zone I I ICore  9 3  t o  1021 
ML,CL - 

Zone IIShells 9 8  t o  106/ 
SM, M L  w i t h  Grave[ 7 9  t o  95 

and Cobbles 

Green's Lake 1 9 5 8  Homogenous 2 2 235  3: 1 
No. 5 

Alluvial and 8 4  t o  9 1  48 t o  > I00  
Colluvial Deposits 
Generally Gravelly 

Gypsum Wash 1974- Zoned 3 0  3128 3: 1 
1975 

Zone I ICore 95  t o  1051 2 3  t o  > I 0 0  
SC,SM,ML - (Typical ly  3 0  t o  40) 

Th in  Deposits o f  7 6  t o  106  
SC,SM,ML over 

Siltstone and Shale 

Zone I I IIShells 95  t o  1041 - 
GM,SM w i t h  8 5  t o  88 

Cobbles 

Zone I ICore 
SC $M 

95 t o  1071 1 5  t o  7 4  - (Typical ly  4 0  t o  60)  
Sandstone, Siltstone 9 6  t o  106  L e f t  Abutment-  

and Shale. L e f t  1 6  t o  > I00  
Abutment - SP,SM,SC (Data f r o m  

SCS Borings) 

Warner Draw 1 9 7 4  Zoned 6 0  1300 3:1 2 : l  

Zone i l IIShells 
SM,SC w i t h  some 

Gravel and Cobbles 

Stucki  Zoned 3 0  1400 3: 1 
(Above Ground 

Surface) 
45  

(Total F i l l )  

f one I ICore 
SC,SM 

95 t o  1031 2 0  t o  8 4  
- (Typical ly  3 0  t o  50)  

Alluvial and 9 2  t o  9 7  2 5  t o  > l o 0  
Colluvial Deposits. (Typical ly  3 0  t o  50) 

L e f t  Abu tment  - 
Si l ty  Sandstone 

Zone I I IIShells 
SM w i t h  Gravel 

and Cobbles 

Frog Ho l low 1 9 5 6  Zoned 48 1900 
Raised i n  

1978 

Zone I ICore 9 4  t o  1281 
SC,SM, CL,ML 95 t o  100 
w i th  Gravel and 

Cobbles 

2 6  t o  48 
(Typical ly  30)  

Basalt Flows and 8 1  t o  8 9  1 3  t o  > I00  
Alluvial and (Typical ly  3 0  t o  60) 

Colluvial Deposits 
Near Embankment Toes o f  

Zone IIIShell  
G M  i n  C L  

Original (1956) 
Embankment 

GM,SM 

SM,ML w i t h  9 5  t o  1011 
some Gravel 91 t o  105 

lvins Diversion 1977 Homogenous 20 5300 3:? 
No.  5 

SM,ML 8 2  t o  9 5  1 4  t o  80 
Over Siltstone (Typical ly  40 t o  50)  

NOTES: 

1)  First range o f  relative compactions f r o m  construction records as determined by either the Standard 
Proctor test procedure or  A S T M  D678-70 method A or  C. (See Appendix ). Second range o f  
relative compactions f r o m  tests performed i n  test pits excavated as part o f  this investigation. (See 
Appendices B, C, and Dl. 

2) Ranges o f  relative compactions f r o m  tests performed i n  test pits excavated as part o f  this investi- 
gation. Test pits were dug  at either the upstream or downstream toe o f  embankment. Tests were 
performed i n  the soils present beneath outer shells o f  the embankments. (See Appendices B,C, 
and D l .  



IV. SUMMARY OF REGIONAL GEOLOGY AND TECTONIC FRAMEWORK 

This chapter summarizes regional geologic and tectonic conditions in the St. 
George and Cedar City areas of southwestern Utah as  they relate t o  the  

performance of the eight dams that are the subject of this report. A detailed 

discussion of regional geology and tectonics, including an account of the  events 

that  led to the development of present-day geologic structure in this area, appears 

in Appendix E. 

Although the details of geologic and tectonic conditions in this area are  

complex, the controlling factors related to  the  safety of the dams are: 1) the  

faults present within the vicinity of the dam, sites, 2) the  potential for ground 

rupture on these faults a t  the dam sites, and 3) the size of earthquake that  is likely 

t o  occur in the vicinity of the dam sites during their useful l i fe  (along with the 

characteristics of the shaking that  will be generated a t  the base of the  embank- 

ments). 

A brief description of the tectonic framework of the region surrounding the 

dams follows, along with descriptions of the fault zones that a re  of concern to the  

dams. Chapter V presents a discussion of what is known about rates of fault 

movements in this region, which relates to the potential for ground rupture at the  

various dam sites. Chapters VI and VII discuss ttHistoric Seismicity and Earthquake 

Recurrence", and "Maximum Credible and Maximum Expectable Earthquakes1', 

respectively. 

A. Tectonic Framework - 

The SCS Utah dams study area lies within a transitional intraplate boundary 

zone between the Basin and Range and Colorado Plateau physiographic/geologic 

provinces. This boundary zone is coincident with a segment of the  Intermountain 

Seismic Belt, a major zone of seismicity within western ~ 4 t h  America between 

the Basin and Range province and the Middle Rocky Mountains-Colorado Plateau 

(see Appendices E and F and Figures E-1 and F-1). 

Regardless of specific models proposed to explain t h e  tectonics of the region, 

i t  is clear that there is a major, though gradual, change across the boundary zone 
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from generally thin weak crust and lithosphere on the west, to  thicker, more stable 

crust and lithosphere on the east. In addition, stress orientation changes across 

this boundary from extensional WNW-ESE along the eastern basin and range, t o  
compressional WNW-ESE within the Colorado Plateau. 

Although the boundary zone between the Basin and Range and Colorado 

Plateau tectonic provinces is transitional, i t  is roughly delineated by major 

tectonic features of the region. The eastern boundary of the northern Basin and 

Range tectonic province is represented by (from southwest to  northeast) the  Grand 

Wash-Cedar Pocket Canyon-Gunlock-Veyo fault system, the north boundary of Pine 

Valley Mountains, the Hurricane-Parawon-Paragonah/Monocline-fault system, and 

the  Wasatch fault zone (see Figure IV-1). 

The three SCS dams in the Cedar City area (the "Cedar City damsn) a r e  

essentially within the northernmost portion of the Hurricane fault zone (see 

Figures IV-2 and VII-11). In this area, a complex fault-monocline structure forms a 

"bridgett between t h e  northernmost segment of the Hurricane fault and the  

Parawon-Paragonah fault, which is located about 35 km northeast of Cedar City. 

The five SCS dams being investigated in this study in the Hurricane-Frog 

Hollow, St. George, and Ivins areas (the "St. George area damstr) a r e  within the 

northern part of the Grand Canyon subprovince of the  Colorado Plateau, which is 

characterized by NNE-trending, west-down normal faults. The Washington fault, 

which follows a north-south trend through the vicinity of Gypsum, Warner Draw 

and Stucki Dams (see Figures IV-I and VIII-12), is one of these normal faults 

located about 10 miles west of the Hurricane fault. Descriptions of the major fault 

zones in the study region follow. 

B. Hurricane Fault Zone 

The Hurricane faul t  zone is a major tectonic feature in northwestern Arizona 

and southwestern Utah. The fault zone has been mapped northward from the  

vicinity of Peach Springs, Arizona (Wilson and others, 1969), t o  Kanarraville, Utah, 

where i t  turns northeastward and continues to the vicinity of Cedar City, Utah, 

over a total distance of approximately 256 km (Hintze, 1980). Throughout 
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much of i ts length, particularly north of the Grand Canyon, the Hurricane fau l t  

zone is marked by a prominent west-facing topographic escarpment called t h e  

Hurricane Cliffs. 

The Arizona portion of the Hurricane fault  zone and tha t  portion in Utah 

south of Kanarraville, l ie within the  Grand Canyon subprovince of t h e  Colorado 

Plateau tectonic provitlce (see Appendix E, Figure E-3). Within this subprovince 

the  Hurricane fault  is one of several major west-down normal faults. These fau l t s  

bound the series of northeastward - t i l ted fault  blocks which form the Grand 

Staircase transition from the  eastern Basin and Range province t o  the  higher- 

standing Colorado Plateau t o  the east. 

Northeast of Kanarraville, the Hurricane fault  zone is coincident with t h e  

boundary between the  Basin and Range province and the  High Plateaus subprovince 

of the  Colorado Plateau Province (at  least  as far northward as Cedar City). This 

boundary becomes progressively more complex north of Cedar City,  where i t  

involves horsts, grabens, and ramp structures  with scissors-like displacement (Best 

and Hamblin, 1978). The Hurricane faul t  zone cannot be  clearly extended 

northeast of Cedar City t o  connect with the Parawon-Paragonah faul t  (see 

Appendix E, Figures E-9 and E-10, and Section E 3.2.) 

The age of initiation of movement on the Wurricane fault  zone is not certain,  

but its formation may have been related t o  relative down-dropping of the eas te rn  

Basin and Range province as a result of collapse of regional upwarping during late 

Cenozoic time. Dating of ash-flow tuffs of regional extent  suggests t h a t  s t ructural  

differentiation of the provinces began some t ime af te r  29 m.y. ago, with vert ical  

movement along faults including the  northeasternmost segment of t he  Hurricane 

fau l t  tha t  bounded the west side of the CoIorado Plateau province. 

This faulting began about 26-18 m.y. ago in l a t e  Oligocene - early Miocene 

t i m e  (Rowley and others, 1978, 1979; Best and Hamblin, 1978). Anderson and 

Mehnert (1979) suggest tha t  major movement on the  Hurricane faul t  zone occurred 

a f t e r  Miocene time. Total displacement across the faul t  zone seems t o  be at least 

2,000 m, with current displacements ra ted  on the  order of 300-500 m/m.y. (0.03- 

0.05 cm/yr) (see Appendix E, Section E3.1). 
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The Hurricane faul t  zone in Utah is considered t o  be both seismically act ive 

and geologically act ive in t he  sense tha t  strands of t he  faul t  displace Quaternary 

geologic units. The faul t  zone is located within the  intermountain seismic belt  (see 
Appendices E and F), a major zone of intraplate seismicity within western North 
America. Two historic earthquakes thought t o  be in the  range of 5 t o  53 

magnitude have occurred on the  Hurricane faul t  zone in t h e  Cedar  Ci ty  a r ea  (see 

Appendix F, Section F.1.2., and Figure F.3), and several earthquake swarms have 

also occurred in the  vicinity of the  faul t  zone in t h e  Cedar  City a r e a  during 

historic t ime (see Appendix F, Figure F.4) 

Quaternary movement along the  Hurricane faul t  zone in Utah  is well 

documented (Anderson and Miller, 1979). A t  several locations along the zone, 

Pleistocene basalt units and latest Pleistocene alluvial and alluvial fan  deposits are 

displaced. 

As par t  of this study, new, high quality, 1:24,000 scale low-sun angle (both 

AM and PM), black and white stereoscopic aerial  photography was flown in 

October, 1981 along the  mapped location of the Hurricane fau l t  zone in Utah. The  
I 

photography was analyzed for  lineations suggestive of tectonic origin, and possibly 

related geornorphie and geologie features. The results of this analysis is presented 

in map form on Figure IV-2. In summary, this map shows t h a t  t h e  Hurricane fau l t  

zone in Utah is generally represented by a single, usually continuous t race,  along 

the  base of t he  Hurricane cliffs escarpment. 

In two areas, south of Ash Creek Reservoir and south of Cedar City, t he  

generally s teep  and narrow Hurricane cliff escarpment is complicated by large- 

scale, complex, westward directed landsliding. These landslides have c rea ted  a 

wider, less s teep  escarpment, with a base t h a t  bulges out over t h e  projected fau l t  

trend. A t  these locations, t he  Hurricane Fault  zone projects across t h e  landslide as 

a wide zone of discontinuous t races  which offset  t h e  landslide masses. 

There are several locations where strands of t he  Hurricane fau l t  zone appear 

t o  offset  late Pleistocene alluvial fan deposits. Such relations exist  just north of hAuJ 

t he  Utah-Arizona border, southwest of the Wart, at several locations between t h e  
.q\ '" 

Hurricane airport and Taylor Creek, northeast of Pintura, and at Shurtz  Creek, 

south of Cedar City. 
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The drainage basin of Shurtz Creek between the Hurricane fault zone and the 

crest of Cedar Mountain to the east is unique among west-draining basins along the  

Hurricane cliffs. Landslides a t  higher elevations on Cedar Mountain have shed 
significant amounts of debris westward. This debris has ponded behind high- 

standing, elongate NE-SW aligned bedrock ridges just east of the fault  zone, 

creating large areas of upland alluvial fan deposits. Only locally, at Shurtz Creek 

and an unnamed creek just to the north, is there evidence that  this alluvial 

material spilled through narrow gaps in the bedrock ridges, across the Hurricane 

fault zone, and out into the valley to the west. Displacements along strands of the 

Hurricane fault zone probably played a role in the  ponding of alluvial deposits 

upslope to the east as indicated by prominent fault scarps in the alluvial fans a t  

locations where they cross the escarpment. A more subdued and probably older 

scarp in alluvial fan deposits occurs upslope to the east of the main escarpment. 

The 20 rn high fault scarp a t  the mouth of Shurtz Creek is the  most 

prominent and youngest appearing scarp along the entire Hurricane fault zone in 

Utah. The age of the displaced alluvial materials is pre-Holocene and possibly 

more than 50,000 years b.p., and the age of displacement is thought to be latest  

Pleistocene (see Appendix F, Section F.2.1.2.). 

Several apparent graben structures were identified along the Hurricane fault 

zone during this study. Just north of Toquerville, immediately north of t h e  mouth 

of Shurtz Creek, and in the landslide area south of Cedar City, there are  apparent 

smallscale graben structures within the main Hurricane fault zone. A short 

distance north of the Utah-Arizona border, lineations and the distribution of 

alluvial units suggest that a zone of Quaternary faulting extends several miles west 

from the main Hurricane fault zone, forming an apparent horst and graben 

structure. 

On a larger scale, a zone of complex horst and graben structures a t  least 5 

km wide extends northwest from the main Hurricane fault zone in the  area  

northeast of Anderson Junction. Prominent fault scarps occur in both l a t e  

Pleistocene alluvium and in Pleistocene basalt flows NNE-trending structures 

associated with the Virgin Anticline project to intersect the Hurricane trend in this 

area. 
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Another large apparent graben structure occurs southwest of Cedar City. 

Fault traces exposed in trenches excavated during this investigation in this area 

cut  Pleistocene alluvium and overlying basalt, and may cut la te  Pleistocene 
Colluvium along the east side of the Cross Hollow Hills (see Chapter VIII, and 

Figure VIII-1). These discontinuous fault traces and associated air photo linea- 

ments were mapped to the southwest along the east side of North Hills to  a 

projected intersection with the  main Hurricane fault zone near Murie Creek. This 

relationship suggests that  the alluvial valley($ southwest of Cedar City between 

the  Hurricane Cliffs and the  Cross Hollow and North Hills may be a l a t e  

Pleistocene graben, here referred to as the Shurtz Creek graben. This s tructure is 

similar to  structures located northeast of Cedar City along the southern part  of the  

Paragonah fault (see Figure E-11). 

C. Washington Fault Zone 

The Washington fault is one of the major tectonic features in northwestern 

Arizona and southwestern Utah (see Figure IV-1). The fault has been mapped 

northward from just south of Wolf Hole, Arizona t o  just north of Washington, Utah, 

a total distance of approximately 68 km (Dobbin, 1939; Cook, 1960; Cook and 

Hardman, 1967; Hamblin, 1970a,b; Best and Hamblin, 1978; Wilson and others, 

1969). Along much of its length in Utah, the Washington fault lies just west of, and 

parallel to prominent west-facing topographic escarpments and high ground, 

including the southwest end of Washington Dome, Warner Ridge, and the  west side 

of Beehive Dome. 

The Washington fault lies within the Grand Canyon subprovince of the 

Colorado Plateau Tectonic Province (see Appendix E,  Figure E-3). The Washington 

fault is one of several major west-down normal faults within this subprovince. 

These faults bound the series of northeastward-tilted fault blocks which form the  

Grand Staircase transition from the Basin and Range province t o  the  higher- 

standing Colorado Plateau to  the east. 
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The age of initiation of movement on the Washington faul t  is not certain,  but  

i t s  formation may have been related t o  relative down-dropping of the  eastern Basin 

and Range province a s  a result of collapse of regional upwarping during La te  
Cenozoic time. Structural differentiation of the provinces began some t ime a f t e r  

29 m .y., with vertical movement along faults including the  Washington fault. 

Displacement on the  Washington fault increases southward. Vertical dis- 

placement has been estimated t o  range froin several hundred f ee t  (a few hundred 

meters) near the Virgin River, where the fault  breaches the  northeast-trending, 

pre-Quaternary Virgin anticline (Washington Dome, in part), t o  2,500 f e e t  (760 m) 

at the  Arizona s t a t e  line (Dobbin, 1939; Cook and Hardman, 1967). 

The Washington fault  in Utah is considered t o  be both seismically act ive and 

geologically act ive (this report), in the  sense t h a t  strands of t he  faul t  displace 

Quaternary geologic units. The faul t  is located within the intermountain seismic 

belt  (see Appendices E and F), a major zone of intraplate seismicity within western 

North America. One historic earthquake thought t o  be in the  range of 4 -  t o  44  

magnitude occurred in 1891 in t he  St. George a rea  (see Appendix F, Section F.l.2, 

and Figure F3), and may have been associated with the Washington fault. 

Prior t o  the  present investigation, La te  Quaternary movement along t h e  

Washington faul t  in Utah had not been documented. Consequently, t he  Washington 

fault  is not shown on the  Quaternary Fault Map of Utah (Anderson and Miller, 

1979), and is shown as concealed (dotted) beneath Quaternary deposits on the 

Geologic Map of Utah (Hintze, 1980). As part  of this study, however, detailed field 

mapping and expl.oration were conducted in the immediate vicinity of the  SCS dams 

in the  St. George area. The results of these investigations a r e  discussed in Chapter  

VIII C, D and E of this report and shown in Figure VIII-2 (scale 1:24,000). In 

summary, the results of t he  detailed field mapping and exploration in t he  Gypsum 

Wash-Warner Draw-Stucki area indicate tha t  the Washington fault ,  which passes 

between Warner Draw and Stucki Dams and through ~ ~ p s u r h  Wash Dam, displays 

probable early Holocene, normal, east-side-up displacement. 

In addition t o  field mapping and exploration, new, high quality, 1:24,000 scale  

low-sun angle (both AM and PM), black and white stereoscopic aerial  photography 
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was flown in October, 1981 along the mapped location of the Washington fault in 

Utah. The photography was analyzed for lineations suggestive of tectonic origin, 

and possibly related, geomorphic and geologic features. South of the  Stucki dam 
area, the Washington fault appears on the aerial photography as a prominent, 

apparently single linear. This linear sharply juxtaposes a bedrock pediment along 

the base of Warner Ridge against dissected, Quaternary older alluvial fan (Qof on 

Figure VI-2) bajadas along a subtle west-facing scarp. 

From just southeast of Stucki dam northward toward Washington, the  fault  

appears a s  a number of discontinuous bedrock lineations, tonal lineations in 

Quaternary alluvium (Qa) and alluvial fan deposits (Qaf), and west-facing scarps 

juxtaposing Quaternary older alluvial fan deposits  of) and/or alluvium (Qa; s e e  

Figure VE-1). North of Gypsum dam, the Washington fault is not readily 

identifiable on the  aerial photography. 

D. Grand Wash Fault Zone - 

The Grand Wash fault zone, also designated the Cedar Pocket Canyon- 

Gunlock fault (Figure IV-1 and Figure E-13), and the  Gunlock-Veyo fault (Figure E- 

9), is a major tectonic feature in northwestern Arizona and southwestern Utah 

(Cook, 1960; Dobbin, 1939; Anderson and Mehnert, 1979; Best and Hamblin, 1978). 

The fault zone has been mapped as extending from the vicinity of Grapevine Wash 

in northwestern Arizona (Wilson and others, 1969), northward t o  the vicinity of 

Gunlock, Utah, a total distance of approximately 159 km. 

The Grand Wash fault forms the boundary between t h e  Basin and Range and 

Colorado Plateau provinces in northwestern Arizona. North of the Utah Border, 

the boundary is less well defined, but is interpreted (Anderson and Mehnert, 1979) 

t o  follow the Cedar Pocket Canyon-Gunlock-Veyo fault none (the northern continu- 

ation of the Grand Wash fault). The boundary then apparently steps eastward along 

the north side of the Pine Valley Mountains to  join the' Hurricane-Parowan- 

Paragonah/Monocline-fault system near Cedar City. The structural block between 

the west-down normal Grand Wash fault zone and the Hurricarle fault has been 

uplifted a t  least 64 m/m.y. in Late Cenozoic time (Hamblin and others, 1981). 
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The age of initiation of movement on the Grand Wash fault is not certain, but 

its formation may have been related to relative down-dropping of the eastern Basin 

and Range province as a result of collapse of regional upwarping during Late 
Cenozoic time. Structural differentiation of the provinces began sometime after 

29 m.y., with vertical movement along faults including the Grand Wash. 

The Grand Wash fault zone in Utah is considered to be seismically and 

probably geologically active (Anderson and Miller, 1979). The fault zone is located 

within the intermountain seismic belt (see Appendices E and F), a major zone of 

intraplate seismicity within western North America. 
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V. FAULT DISPLACEMENT RATES AND RECURKENCE OF SURFACE FAULTING 

A. Summary 

Although both the Colorado Plateau and the Basin and Range provinces a r e  

presently being uplifted, their rates of uplilt are not the  same. The Colorado 

Plateau is rising faster than the area to the west, and this differential movement is 

being accom rnodated by displacements on the predoininantly north-south fzults 

that  mark the boundary zone between these two provinces. 

Faiilt displacement rates for t h e  faults in southwestern Utah indicate average 

slip rates of fractions of a millimeter to a few millimeters per year (see da ta  

compiled by Doser and Sinith, 1982). Based on these slip rates, very long 

recurrence intervals (of the order of thousands of years) for surface rupture events 

a t  any one location on these faults are probable. 

B. Fault Displacement Rates - 

Systematic age dating of late Cenozoic basalts displaced by major faults, 

such as the Hurricane and Grand Wash faults, provides some of the  best estimates 

of fault-displacement rates in southwestern Utah and northwestern Arizona 

(Hamblin and others, 1981; Anderson, 1980; Anderson and Mehnert, 1979). Hamblin 

and others (1981) have carefully studied the stratigraphic offset of dated basalt 

flows in drainage systems along the Basin and Range-western Colorado Plateau 

border and conclude the following: 

"The Grand Wash area in the Basin and Range is rising about 26 rn/m.y. and 
reflects the regional relative uplift rates  between the southwestern Colorado 
Plateau and adjacent Basin and Range province. The block between the 
Grand Wash and Hurricane faults is rising a t  an additional minimum r a t e  of 
64 m/m.y. (a total of 90 rn/m.y.), and the block east of the Hurricane fault  is 
rising at an additional ra te  of 300 m/m.y. (a total  of a t  least 390 m/m.y.)" 
(Hamblin and others, 1981, p. 298). 

Anderson (1980, p. 535) cites displacement rates for the Hurricane fault of 470 

m/m.y. near Pintura, 40 km south-southwest of Cedar City, and 400 m/rn.y. in the  

North Hills area, about 15 krn south-southwest of Cedar City. 
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A summary of fault-displacement data compiled by Doser and Smith (1982) a s  

part of their study of seismic moment rates in southwest Utah supports the  

interpretation of fault-displacement rates of the order of a millimeter or less per 
year (1 mmlyr = 1,000 m1m.y.) An anornalously high displacement ra te  of several 

millimeters per year a t  Braffits Creek is now judged to be related to a tensional 

collapse structure, apparently deforming aseismically (Anderson, 1980). I t  should 

be noted that many of the displacement or slip rates listed by Doser and Smith 

(1982) involve significant uncertainty because of the approximate age estimated 

for a measured offset. Data for the Shurtz Creek fault scarp are  a case in point. 

Nevertheless, the observations indicate the correct order of magnitude, and they 

basically agree with the more precise rate estimates of less than a millimeter per 

year derived from displacements of accurately,dated basalt flows. 

Elsewhere in the Utah region, the most reliable information on rates of fault 

displacement have come from recent studies of the  Wasatch fault. Fission-track 

dating of apatites within the uplifted Wasatch Mountain block imply a long-term 

la te  Cenozoic slip ra te  of 0.4 mmlyr, but detailed trenching studies indicate 

Holocene slip rates of about 1-2 inm/yr and late Pleistocene slip rates a s  high a s  4 

rnm/yr along certain segments of the  Wasatch fault (see Swan and others, 1980). 

C. Recurrence Intervals 

Extraordinarily long recurrence intervals (of the order of thousands of years) 

for the repetition of surface faulting a t  the same site are  now well recognized for 

faults in the Basin and Range province (e.g., Wallace, 1981). The Wasatch fault, 

which has been perhaps the most active locus of recurrent surface faulting along 

the eastern Great Basin, displays average recurrence intervals for surface faulting 

of the order of several hundred years to three thousand years a t  the  same site--as 

deter mined from detailed trenching studies across four different fault segments 

(Swan and o t h e ~ s ,  1980; Hanson and others, 1981). The average net vertical 

tectonic displacement for surface faulting earthquakes o n  the Wasatch fault is 

about 1-4 m per event (Hanson, 1981), and the recurrence interval for such scarp- 

forming earthquakes is 50-430 years for the entire 370 km-long fault zone (Swan 

and others, 1980). 
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Recurrence r a t e s  of su r face  fault ing on t h e  IVasatch f a u l t  probably represen t  

a n  upper l imit  for  any ac t ive  fault ing in t h e  Utah region. In western  Utah,  s o m e  

prominent Holocene faul t  scarps  have been es t imated  t o  r e f l e c t  r ecur rence  
intervals fo r  su r face  faul t ing g r e a t e r  than 10,000 years  (see Wallace, 1981). In t h e  

Cedar  City-St. George a rea ,  t h e  northern Hurricane fau l t  appears  t o  have t h e  

greatest displacement rate associated with tec tonic  earthquakes,  b u t  t h e  rate of  

recurrence of su r face  fault ing along it is unknown. Arguments  of Bucknam and  

others  (1980) and Anderson (1980) suggest  a sur face  faul t ing recur rence  in terval  

g r e a t e r  t h a n  10,000 years  for  t h e  Hurricane fault .  Additionally, t h e  Hurr icane 

f a u l t  is apparently moving at a grossly similar slip rate t o  o ther  faul ts  in 

southwestern Utah,  and recurrence intervals fo r  su r face  faul t ing at t h e  s a m e  s i t e  

of at least a few thousand years  a r e  indicated fo r  these  o ther  fau l t s  at all s tudied 

locations. 
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VI. SUMMARY OF HISTORIC SEISiVIICITY AND EARTHQUAKE RECURRENCE 

A comprehensive discussion of the historic seismicity of southwest Utah by 

Dr. Walter Arabasz, Jr., is presented in Appendix F of this report. The major 

findings related to historic seismicity and earthquake recurrenee a r e  sulnrnarized 

in this chapter. 

A. Historic Seismicity 

Historic seismicity in the region surrounding the dam sites (as defined below) 

was documented for the period of record from 1850 t o  1981 by reviewing the  

earthquake data files of the University of Utah. 

The University of Utah master catalog for the Utah region comprises three 

parts (Arabasz and others, 1979, 1980): (1) the 1850 - June  1962 historical catalog; 

(2) a catalog for the period July 1962 - September 1974, consisting of syste- 

matically revised, instrumental earthquake locations and magnitudes; and (3) a 

catalog of seismicity since October 1974 based upon data from a n  extensive 

network of telernetered seismic stations. 

The earthquake data for the regions of interest have been eonsidered in 

several different ways: 

1) All earthquakes of 3.0 or Magnitude greater within 200 km of the 

center of the study area (lat. 37' 25'N, long. 113' 15'W) have been 

listed and plotted. The listing of these earthquakes is provided in 

Appendix G. 

2) All earthquakes of 3.0 or greater Magnitude within 150 km radial 

distance of four specific points, corresponding t o  the  locations of the  

various dam sites have been listed. The geographic coordinates of the 

four points are as  follows: 

Cedar City: 37' 39.001N 113' 04.30'W 

Frog Hollow: 37' 07.001N 113' 15.30fW 

St. George: 37' 03.301N 113O 29.001W 

Ivins: 37' 10.30fN 113' 40.007W 
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Listings for t h e  Cedar  Ci ty  and St. George s i t e s  a r e  included in Appendix H. 

A l is t  of all ear thquakes  within a rectangular  area encompassing St.  

George and Cedar  Ci ty  (lat. 3 6 . 7 5 ' ~  - 38 .00°~ ,  long. 1 1 2 . 0 0 ~ ~  - 
114.25'~),  appearing i n  t h e  University of Utah ea r thquake  catalogue,  

has been colnpiled and t h e  epicenters  plotted. This ea r thquake  l ist ing is 

contained in Appendix I. A plot  of t h e  ins t rumental  ea r thquake  

epicenters  for  t h e  period f rom July  1962 - December,  1981, is presented 

in  Figure VI-1. In this illustration, ins t rumental  se ismici ty  is p lo t t ed  

with di f ferent  symbols t o  distinguish ear thquake ep icen te r s  loca ted  

during t h e  period July  1, 1962 - September  30, 1974 (open circles)  f rom 

more  accurate ly  loca ted  epicenters  (closed circles)  corresponding t o  t h e  

period October  1, 1974 - December 31, 1981. 

Twenty-two earthquakes of es t imated  Richter  magnitude 5 o r  greater have 

occurred within 200 km of t h e  Cedar  City-St. George s tudy area be tween  t h e  

period 1850 - 1981. These a r e  tabula ted in Table VI-1. Nine of t h e s e  have  had a n  

instrumentally determined magnitude of 5 ;  o r  greater .  The  l a rges t  within the  200 

km radius region of in teres t  occurred in 1901 near  Richfield, Utah  (182 km NE of 

t h e  c e n t e r  of t h e  study area)  and had a maximuin Modified Nlercalli in tensi ty  of 8 

t o  9. This event  did not produce any observed sur face  faulting, and  Arabasz  and  

Smith  (1979) e s t i m a t e  that  it had a local  Magnitude (IdL) o f  6 2 + .  A m a p  showing 

t h e  epicenters  of t h e  largest  historical  ear thquakes  known from t h e  Utah region 

during t h e  period of 1850 - 1978 is also presented as Figure  F-3 o f  Appendix F. 

T h e  largest historical  ear thquakes  within t h e  immedia te  vicinity of C e d a r  

C i t y  and St.  George a r e  t h e  following: 

(1) An ear thquake of April 20, 1891 (Io = 6, NILS 5), which shook 

Washington County and caused minor damage in St .  George  (Williams 

and  Tapper,  1953). 

(2) An earthquake of November 17, 1902 (Io = 8, M ?. 6) n e a r  Pine Valley, L 
Utah, about  30 km north of St. George. Many buildings in  St. George 
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Table VI-1. Largest Earthquakes Within 200 km of Study Area, 

1850 through 1981' 

Date (GMT) 

1887 Dec 05 
1891  Apr 20 

1901 Nov 1 4  
1902 Nov 1 7  
1902 Dec 05 

1908 Apr 1 5  
1910 Jan 10 
1910 Jan 1 2  
1912 Aug 1 8  
1921 Sep 29 

1921 Sep 30 
1921 Oct 0 1  
1933 Jan 20 
1934 Apr 1 5  
1942 Aug 30 

1942 Sep 26 
1945 Nov 1 8  
1952 May 24 
1959 Feb 27 
1959 Jul 21 

1966 Aug 1 6  
1967 Qct 04 

Long. (OW) 

112.5 
113.6 

112.1 
113.5 
113.5 

113.0 
112.1 
112.1 
111.5 
112.1 

112.1 
112.1 
112.8 
115.0 
113.1 

113.1 
112.0 
114.7 
112.5 
112.5 

114.2 
112.2 

Magnitude 
( M  L- 

(54) 
(5) 

(641) 
(6) 
( 5) 

(5) 
(5-53) 
(5) 

(54) 
(6) 

(54) 
(6) 
(5) 
5.0 
(5) 

(5) 
(5) 
5.0 
(5) 

5 4-5-314 

5.6 
5.2 

Location 

Kanab, Ut. 
Washington Co., Ut. 

(St. George) 
Richfield, Ut. 
Pine Valley, Ut. 
Pine Valley, Ut. 

Milford, Ut. 
Elsinore, Ut. 
Elsinor e, 'Jt . 
Williams, Ariz. 
Elsinore, Ut. 

Elsinore, Ut. 
Elsinore, Ut . 
Parowan, Ut. 
SE Nevada 
Cedar City, Ut. 

Cedar City, Ut. 
Glenwood, Ut. 
Ariz.-Nev. border 
Panguitch, Ut. 
Kanab, Ut. 

Nev.-Ut . border 
Marysvale, Ut . 

Distance 
(km) 

'summarized from compilation of regional seismicity (M 2 3.0) within 200-km radial distance of study area. Table includes 
earthquakes of estimated Richter magnitude 5 or greater. I. = maximum Modified Mercalli intensity. Magnitudes in 
parentheses estimated from Io(M=1+2/3 I,). Distance measured from a point half-way between Cedar City and St. George. 



sustained damage and a lmost  every chimney reportedly went  down in 

S a n t a  Clat-a (Williams and Tapper,  1953). 

(3) An af tershock of t h e  1902 Pine Valley ear thquake t h a t  occurred on 

December  5, 1902 (Io = 6, ML Q 5). 

(4) An ear thquake of January  20, 1933 (I = 6, ML 2. 5) near  Parowan,  30 
0 

km nor theast  of Cedar  City. Minor damage occurred in Parowan and  

Minersville (Williams and Tapper,  1953). 

(5) Two earthquakes,  apparent ly  as p a r t  of a swarm sequence,  n e a r  C e d a r  

Ci ty  on August 30, 1942, and September  26, 1942 (each wi th  I. = 6, 

M L s  5). Minor damage occurred in Cedar  C i t y  during bo th  of these  

shocks (Williams and Tapper, 1953). 

B. Ear thauake Recurrence 

R a t e s  of ear thquake recurrence in any seisrnically ac t ive  region can  b e  

es t imated  using both  seismological and geological data.  If a ca ta log  of h is tor ical  

and/or ins t rumental  seismicity is available, then  relationships of ea r thquake  

frequency versus magnitude can  be  used t o  e s t i m a t e  t h e  average  recur rence  

in terval  or  inter-event t i m e  for  ear thquakes  of a specified magnitude. Recur rence  

e s t i m a t e s  can also be  made from seisrnic moment  r a t e s  determined f r o m  avai lable  

geologic d a t a  on Quaternary faulting. 

Each of these  approaches has been recent ly  applied to seismically a c t i v e  

a r e a s  in Utah,  and available inforimation on ear thquake recurrence in sou thwes te rn  

Utah is summarized here. A deta i led  discussion of this subject  is presen ted  in 

Sect ion F.3 of Appendix F. 

Es t imates  of t h e  frequency of occurrence for  a range of ea r thquake  s i z e s  

were  made for t h e  southwestern Utah region, which encompasses a n  area of 56,160 
2 km . In making these  es t imates ,  several  relationships derived f rom t h e  historical  

and ins t rumental  seismicity were  used (Smith and  Arabasz, 1979). T h e  t h r e e  

d i f fe ren t  cases considered are l is ted  at t h e  bot tom of Table  VI-2, which a lso  
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Table  VI-2 - Est imated Freauencv of Occurrence of 

Damaging Earthquakes (in years)  

Ear thquake Recur rence  for  Ent i re  SW Utah Recurrence Within 50 k m  of any  S i t e  

S i z e  C a s e  I Case  I1 C a s e  I11 Case  I C a s e  I1 Case I11 -- 

C a s e  I: Historical  da ta ,  1850-1978: log Ne = 2.38 - 0.65 M 
L )  

C a s e  11: Historical  da ta ,  1850-1978: R = I/C-F(X)] 1 
where  A f t e r  Smith  and 

Arabasz  (1979) 

F(x) = exp{-[-exp [-(x-3.50)/1.141}, - m < x < + "  

C 
C a s e  111: Ins t rumental  data ,  1962-1978: log N = 2.73 - 0.74 M L 

ML = Local Richter  magnitude. 

N = 
C 

Annual number of events  equal t o  or g r e a t e r  than  a given 
magnitude. 

F(x) = Probability t h a t  t h e  l a rges t  ear thquake in a year  wil l  
have intensity less than  or  equal t o  x. 

R = Return  period. 
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presents rates of recurrence for a range of earthquake sizes. These values were 

determined assuming that the seismicity of the southivest Utah study area is 

uniformly distributed over the area. This is a reasonable assumption for earth- 
quakes up to Magnitudes 6 to 63. 

A fundamental assumption regarding the estimation of earthquake recurrence 

is that the data used to calculate the required parameters accurately represent the 

long-term seismicity of a region. Ideally, the data should represent a period of 

time long enough to include at  least one repeat interval of the largest earthquake. 

Consequently, while rates of earthquake recurrence for magnitudes up to about 6- 

6; in southwest Utah can be estimated with a high degree of confidence on the 

basis of historical and instrumental seismicity, there is clearly considerable 

uncertainty in extrapolating recurrence intervals for earthquakes of larger size. 

Since the seismicity of tine region has been assumed to be uniformly 

distributed, it is possible to obtain an estimate of the freque~cy of occurrence of 

earthquakes within a smaller area. If we consider an area within 50 km of any of 
2 the eight darn sites (which amounts to 7,854 km ), the recurrence interval within 

this small.er area is inversely proportional to the ratio of the two areas. Thus, as 

can be seen from Table VI-1, the recurrence interval for an earthquake of any 

given size occurring within 50 k m  of any of the eight dam sites is about 7 times 

longer than the recurrence interval within the entire southwest Utah region. 

The frequency of occurrence of moderate-to-large earthquakes can also be 

estimated from geologic data by relating geologically determined slip rates on 

individual faults to seismic moment rates (Anderson, 1979; Molnar, 1979). Such an 

approach complements analyses based on the historic record of seismicity, which is 

generally too short for valid evaluation of the long-term seismic activity over 

hundreds or thousands of years. Doser and Smith (1982; see also Doser, 1980) have 

applied the moment rate method to various regions in Utah, including the 

southwest Utah region (Region 111, Figure F-12a) defined by Smith and Arabasz 

(1 979) for recurrence analysis of seismicity. They first determined a moment- 

magnitude scale for Utah based on the spectral analysis of 19 earthquakes in t h e  

Utah region in the magnitude (NIL) range 3.7 to 6.6. Moment rates were calculated 

from a compilation of geologic information on slip rates of Quaternary faulting 
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in southwest Utah. Earthquake recurrence r a t e s  were  then calcula ted using t h e  

slopes of the  relationships established by Smith and Arabasz (1979) and  a n  

appropr ia te  coeff ic ient  defining t h e  moment-magnitude relationship. 

For  southwest Utah,  t h e  frequency of ear thquake occur rence  based on 

geo!.ogically determined moment  r a t e s  is essential ly in a g r e e m e n t  with t h a t  

ca lcula ted f rom historical  ear thquake data.  The  es t imated recur rence  in terval  f o r  

an  ear thquake of 7.0 5 ML' 7.5 somewhere  in t h e  southwest  Utah  region i s  

between 200 and  600 years  (Doser and Smith,  1982), where  t h e  range  resul ts  f rom 

an uncer ta inty  in t h e  moment-magnitude scale f o r  Utah. For  t h e  s a m e  magni tude 

range z ~ d  area ,  ext rapola ted seismicity (Smith and Arabasz, 1979) would predic t  a 

recurrence in terval  between 200 and 500 years. T h e  discrepancy be tween  such a n  

expecta t ion of a scarp-forming earthquake somewhere  in southwestern  Utah every  

few t o  severa l  hundred years  and t h e  apparent  absence of Holocene fau l t  sca rps  in 

southwest Utah may in large  pa r t  be  t h e  resul t  of t h e  ex t remely  a c t i v e  ero- 

sional/depositional environment. Anderson (1980) and Bucknarn and o thers  (1980) 

believe t h a t  t h e r e  has been no radical  change in t h e  r a t e  of occur rence  of l a rge  

earthqua!ces during Holocene t ime  compared t o  t h e  late Quaternary record in 

southwest Utah. Two possible implications of t h e  l ack  of evidence of s u r f a c e  

fault ing are: (1) t h e  recurrence interval  of su r face  fault ing on  individual faul ts  in  

southwest  Utah  may be very long, and (2) t h e r e  may b e  d i f fe ren t  frequency- 

magnitude relat ions for  earthquakes smal ler  than  and large.; than,  respectively,  

abou t  magnitude 6-6; in southwest Vtah. 

Based on consideration of t h e  historical seismicity and  t h e  geology of t h e  

region, i t  is our opinion t h a t  t h e  recurrence in terval  fo r  a n  ear thquake of 

Magnitude 7 t o  74,  in close proximity t o  any of t h e  dam sites, would range  f rom 

1,000 t o  10,000 years. For  earthquakes of Magnitude 6 to 64  or  smal ler ,  t h e  values 

given in Table  VI-2 fo r  an  a r e a  within a 50 km radius of a n y  of t h e  dam s i t es  are 

appropriate.  
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EXPLANATION 

Scnlo 1 G00.000 

INSTRUMENTAL 
EARTHQUAKE EPICENTERS 

SOUTHWEST U T A H  
(1962 - 1981) 



VII. 1UAGNITUDE OF MAXIMUM CREDIBLE AND MAXIMUM - 
PROBABLE EARTHQUAKES 

The largest  historical  ear thquake in southwest  Utah (which produced no  
observed sur face  fault ing) had a n  es t imated magnitude of 6; 1 M < 7. T h e  

L- 
larges t  historical  ear thquake in t h e  en t i re  Intermountain se ismic  belt had a 

measured magnitude (M) of 7.1---resulting in a normal fau l t  sca rp  wi th  a maximum 

sur face  displacement of 6.7 m. 

The selection of a maximum s ize  ear thquake fo r  any a r e a  conventionally is  

based on consideration of: t h e  s t ruc tu ra l  and geological f ea tu res  of a region; t h e  

historical  experience of fault ing within the  s a m e  (or a similar) t e c t o n i c  province; 

and empir ical  re la t ions  between observatiorls of fault-rupture length,  f au l t  dis- 

placement,  and  ear thquake magnitude (e.g., Slemmons, 1977). 

The maximum size  ear thquake for  t h e  en t i re  Utah region i s  general ly  

considered as a llMagnitude 74". The  U.S. Geological Survey (1976) postulated t h e  

occurrence of earthquakes as large  as magnitude (unspecified) 7.5 on t h e  Wasatch 

faul t .  In t h e  l a t t e r  study, mention is made of the  magnitude (M) 7.1 Hebgen Lake,  

Montana, ear thquake of 1959 and t h e  magnitude (M) 7.6 Pleasant  Valley, Nevada, 

ear thquake of 1915 as plausible upper l imi ts  for  the  Ifmaximum credible" ear th-  

quake on t h e  Wasatch fault .  Here  ill re fe r s  t o  a "revised magnitudet' determined by 

t h e  Seismological Laboratory  in Pasadena t h a t  is dis t inct  f rom,  bu t  essential ly 

equivalent to,  a surface-wave magnitude M (see  Geller and Kanamori, 1977, 
S 

regarding di f ferences  b e t  ween various magnitudes computed and published by 

Gutenberg and Richter) .  

Swan and o thers  (1980) r e l a t e  measurements  of pre-historic f a u l t  displace- 

ments  on t h e  Wasatch fau l t  t o  Slemmons' (1977) curve fo r  n o r m a l s l i p  fau l t s  t o  

asse r t  t h a t  "surface faul t ing events associated with earthquakes in t h e  magnitude 

range 6 3  t o  7 3  have occurred repeatedly along (segments of t h e  Wasatch fault)" 

(Swan and others,  1980, p. 1458). 

Bucknam and others  (1980) review d a t a  on historic su r face  faul t ing in t h e  

Basin and Range province. Their  tabulation shows tha t ,  excluding t h e  M L  = 8.0 

Owens Valley, California, ear thquake of 1872 (max. displacement = 6.4 m), t h e  
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larges t  event  (coincident with the  largest  maximum displacement of 5.6 m) is t h e  

M L  = 7.8 Pleasant  Valley, Nevada, ear thquake of 1915. Bucknam and  o thers  (1980) 

also note  tha t  all seven historic earthquakes in t h e  G r e a t  Basin l a rger  than ML = 

6.3 have produced sur face  ruptures. Without c lea r  explanation, they  assume a 
maximum magnitude (unspecified) of 7.6 fo r  the  Wasatch fau l t  zone, and  they 

discuss t h e  likelihood of infrequent large  ear thquakes  of "M = 7.0 t o  7.6" in 

southwest Utah (Bucknam and others,  1980, p. 306-305). M ;in thei r  usage is  simply 

"magnitude". The value ML = 7.8 for t h e  Pleasant  Valley ear thquake is ascribed by 

Bucknam and o thers  (1980) t o  a N O A A  d a t a  f i le  sumrnwy, in which s o m e  

conversion ,was apparent ly  made from t h e  published value of M = 7.6 f o r  t h a t  

ear thquake (e.g., Richter ,  1958). 

In t h e  Cedar  City-St. George area ,  Anderson (1980) states t h a t  'Ithe 20 m high 

sca rp  in alluvium along t h e  trace of t h e  Hurricane faul t  at Shur tz  Creek  c lea r ly  

implies a displacement history comparable t o  o ther  faul ts  in t h e  G r e a t  Basin fo r  

which a credible magnitude of 7 i  would readily be  assignedrr. Anderson also sees 
no evidence t h a t  the  Shur tz  Creek  s c a r p  is a composite scarp  (although evidence 

for  multiple movements  admit tedly  would be difficult  t o  recognize in t h e  coarse  

bouldery alluvium), and  he  believes tha t  i t  may represent  a single d i s p l a c e ~ n e n t  

even t  (oral communication t o  geologists part icipating in a field inspection of SCS 

dam s i t es  in t h e  Cedar  City-St. George area ,  January  1982). 

ESA considers i t  likely t h a t  t h e  20 M high Shur tz  Creek s c a r p  is t h e  resul t  of 

inultiple movements. A 20 M high single displacement sca rp  on t h e  Hurricane f a u l t  

is not a credible even t  within t h e  context  of t h e  historic record. The  l a r g e s t  

historic ver t ica l  displacement on a normal fau l t  is 14.34 M on t'ne Yalcutat Bay 

faul t  in Alaska in 1899 (Bonilla, 1970). This displacement was t h e  resul t  of a 

8.5-8.6 M earthquake,  a magnitude significantly g r e a t e r  than t h a t  assigned t o  t h e  

Hurricane fault.  Evidence of multiple events  in t h e  Shur tz  Creek  environment  

would not  b e  expected t o  be  well preserved. Rober t  E. Wallace of t h e  U.S. 

Geological Survey es t imates  t h a t  a o n e  m e t e r  s c a r p  in t h e  Shur tz  Creek  environ- 

ment  would not last more  than 500-1,000 years,  and a two  m e t e r  s c a r p  no t  more  

than two t o  t h r e e  thousand years  (R. E. Wallace, USGS, ora l  communication,  5/82). 

A maximum ear thquake s ize  of Magnitude 7 4  is a reasonably conservat ive  

value t o  assign t o  t h e  s tudy area.  The precise  number--within di f ferences  of 
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a few ten ths  of a magnitude unit--is insignificant, in our opinion, in view of: (1) 

inconsistent specification of magnitude scales, (2) general  problems with  magni- 

tude,  in general ,  as a reliable measure of ear thquake source properties,  and  (3) t h e  
range of uncer ta inty  involved in re la t ing magnitude t o  a predic ted value o f  

displacement,  rupture  length,  o r  any ground-motion parameter .  Adoption of a 

maximum ear thquake magnitude of 74,  which in p rac t i ce  will likely be  measured as 

a surface-wave magnitude will be  a larger  magnitude than t h a t  for a n y  historic 

ear thquake which has occurred in t h e  Intermountain Seismic Belt  (IsB). This value  

will b e  consistent  with t h e  general  consensus of geologists and seismologists  

familiar  with ear thquake risk in t h e  ISB. 

On the  basis of the  historical record of seismicity, t h e  pa t t e rn  and na tu re  of 

known faults ,  t h e  ant ic ipated distribution of known faulting and t h e  inferred 

temporal  relationships of regional strain,  a n  ear thquake of magnitude 7.5 is 

concluded t o  b e  a conservative maximum credible even t  for  t h e  southwest  Utah  

region. 

Magnitudes of both t h e  maximum credible and t h e  maximum probable 

ear thquakes  which could occur on t h e  nearby faul ts  and which could produce 

significant ground shaking at the  various dam sites have been es t imated  and are 

sumrn,+.-ized in Table  VII-1, together  with es t imates  of their  r ecur rence  intervals.  

For purposes of this study, t h e  maximum probable ear thquake represents  a n  even t  

which has a reasonable probability of occurring during t h e  l i fe  of these  facil i t ies.  

Although the  magnitude of t h e  ear thquake se lected for  design should b e  based on 

t h e  level  of risk which t h e  owner of t h e  faci l i ty  is willing t o  a c c e p t  for  e a c h  

specif ic  dam site,  i t  is our  judgment, and t h a t  of our consultant  Dr. Arabasz,  t h a t  a 

magnitude 6 even t  represents a reasonable ear thquake which could occur  during t h e  

l i f e  of these  faci l i t ies  and one which each dam should be able  to withstand without 

ca tas t rophic  consequences. 
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Table VII-1 

Estimated Magnitude and Recurrence Interval of Maximum Credible and Maximum Probable 
Earthquakes in the Vicinity of Dam Sites 

Maximum Credible Maximum Probable 
Closest Fault Distance to Total Fault Recurrence Recurence 

Dam - to Dam Site Fault (miles) Length (miles) Magnitude Interval (yrs) Magnitude Interval (yrs) 

Green's Lake Hurricane 0 I 6 0  7.5 1,000-10,000 6.0 200-300 
No. 2 

Green's Lake  Hurricane 0 160 7.5 1,000-10,090 6.0 200-300 
No. 3 

Green's Lake Hurricane 

No. 5 
i 

Gypsum Wash Wasl~ington 
Hurricane 

Warner Draw Washington 
Hurricane 

Stucki Washington 
Hurricane 

Frog Hollow Hurricane 

Ivin's Grand Wash 5 9 9 7.5 2,000-10,000 6.0 200-300 



VIII. GEOLOGIC CONDITIONS IN THE VICINITY OF THE DAM SITES 

The investigation of the geological environment of each specific dam si te  
began with photo-geologic evaluation and identification of lineaments which could 

represent active fault traces, followed by field reconnaissance mapping, with 

emphasis on the nature of the air photo lineaments and certain geologic features 

mapped by previous investigators. Sites determined by the  field reconnaissance t o  

be located on or near suspected active faults were investigated by exploratory 

trenching. A discussion of geologic conditions determined to  exist a t  each of the 

darn sites is presented in the order listed below: 

A. Green's Lake No. 2 and No. 3 (GL-2 and GL-3) 

B. Green's Lake No. 5 (GL-5) 

C. Gypsum Wash 

D. Warner Draw 

E. Stucki 

F. Frog Hollow 

G. Ivins Diversion No. 5 

Of the eight dams investigated, five are  located on faults, or within fault 

zones, and these sites are discussed first. 

A. Green's - Lake No. 2 and No. 3 

1. General Geology 

Green's Lake Dam Embankments No. 2 and No. 3 (GL-2 and GL-3) a r e  located 

a t  the toe of a major N-S-trending escarpment which rises eastward t o  the Kolob 

Terrace of the Colorado Plateau province. The escarpment or hillfront is 

considered to  be the locus of the main trend of the  Hurricane fault. South of 

Cedar City, the  escarpment is characterized by moderate' to  very s teep  slopes 

which are underlain by complex landslides of varying ages, and by areas of 

tectonically deformed bedrock. Figure VIII-10 defines bedrock and Iandslide areas 

within the escarpment, and shows a prominent strand of the  Hurricane fault which 

cuts both bedrock and landslide zones south of GL-3. This strand apparently 

extends beneath young alluvial fan deposits to the north. 
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The hillfront escarpment in this area has been dissected by numerous 

drainage channels. Periodic torrential runoff has deposited coarse rubble and 

boulders of sandstone, limestone, and basalt up to five or inore feet in size in these 

ravines. The coarse material deposited in the re-entrants grades finer and less 

chaotic to the west across the front of the escarpment, grading to well stratified 

alluvial fan deposits which form an apron along the hillfront and underlie the GL-2 

and 3 dam site areas. The fan deposits consist of silt, sand, and gravel. Rock types 

present in the gravel clasts include limestone, siltstone, sandstone, and gypsiferous 

shale derived from bedrock sources to the east. Gravel clasts are typically angular 

to flat and up to 2 or 3 inches in size, although cobbles and boulders are comrnon 

within the fans near the toe of the hillfront to the east. The alluvial fan sediments 

are commonly medium dense to dense silt and sand mixtures with lesser coarser 

lenses of sand and gravel. As determined by the trench excavations, the fan 

deposits will stand vertically without support for an indefinite time. Site geology 

in the vicinity of Green's Lake No. 2 and No. 3 is shown in Figures VIII-1 and VIII-2, 

respectively. 

2. Faults 

Previous geologic reconnaissance mapping of the Green's Lake dam sites by 

R. L. Bridges and D. H. Griswold (data compiled from SCS files) during the late 

1950's indicated fault-like features trending generally south-southwest to north- 

northeast near the toe of the hills and underlying portions of the embankments. 

The locations of these suspected faults, as interpreted from the available SCS 

literature, are plotted in Figure VIII-3 (see also Figures VIII-1 and VIII-2), and are 

assigned letters A, B, C, D and E. 

Air photo studies during the current investigation confirmed the existence of 

several lineaments at  or near the previously mapped faults on the alluvial fan 

deposits. However, subsequent field reconnaissance revealed extensive man-made 

alterations to the original ground surface both within and outside of the main dam 

embankments. These modifications include cutting and filling operations that were 

apparently carried out during dam construction or subsequent repair operations 

associated with basin maintenance and spreader dike construction. Because 

surficial geologic evidence for faulting or fault-like features on the fan deposits 

were not observed at  many of the locations previously mapped by Bridges and/or 

Griswold, it is assumed much of the surficial reworking occurred after their 
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studies. Most of the air photo lineaments currently identified on the alluvial fans 

apparently result from anomalous surficial features not related to  subsurface 

geologic conditions. 

Earth Sciences Associates' current field reconnaissance located two prom- 

inent scarp-like features a t  the approximate fault locatiorls previously mapped by 

Bridges and/or Griswold. These scarps also coincide with lineaments identified on 

air photos, and are shown in Figure VIII-3 as Scarps I and 11. Scarp I trends N35E 

and is located a t  the west edge of the present t ree cover. SeveraI air photo 

lineaments are  located in this same area and i t  is near previously mapped fault 

traces "Am and "Brr. The relief of scarp I is approximately 5 t o  6 feet,  and the 

surface dips a t  about 25' to  the west. Trench GL-2a was excavated across Scarp I 

and encountered locally stratified alluvial fan and chaotic boulder fanglomerate 

deposits, indicating the extreme agradation-degradation processes which have 

occurred here. Trench exposures revealed no indication of displaced or faulted 

stratigraphy a t  the scarp location, but a sharp discontinuity exists to  the  west of 

the topographic scarp a t  Station 0+98. At this station, carbonate-cemented gravels 

and a silt lens are juxtaposed across a vertical contact with loose, coarser gravels 

(see log of Trench GL-2a and Photograph VIII-1). This discontinuity is overlain by 6 

to  7 feet  of younger, unbroken fan deposits. Trench GL-2d was excavated 40 f e e t  

north of GL-2a across the N5E-striking trend of the discontinuity in order to  

determine the extent of the feature, but no similar discontinuities or  other 

disruptions of stratigraphy were exposed. To the north, Trench GL-2c extends 

across the projection of the break found in Trench GL-2a, but no disruptions of the  

stratified, fine-to-coarse-grained alluvial deposits were observed in this exposure. 

Although it  is possible the discontinuity a t  Station 0+98 in Trench GL-2a resulted 

from faulting, in view of the additional unbroken trench exposures along the 

projection, we believe that the feature most likely represents a buried stream 

channel margin. 

North-northeast of the GL-2 darn site and parallel t o  the GL-1 dam 

embankment, Scarp I1 (Figure VIII-3) trends approximately N20E. It  is generally 

irregularly defined, but typically has 2 t o  4 fee t  of relief with the west side down. 

Trench GL-2b intersected Scarp I1 (which conceivably coj:,cides with fault "A" or 

"C" as  mapped by Bridges), and exposed unbroken fine-grained alluvial fan deposits. 
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Trench GL-2c was  excavated across  t h e  southern projection of Scarp  11, across  t h e  

previously-mapped fau l t  t r a c e  ttA1l, as well as across t h e  northward projection of 

t h e  break found in Trench GL-2a. As noted above, no evidence of faul t ing w a s  
d e t e c t e d  in t h e  exposed s t ra t i f ied  alluvial f a n  deposits. Scarp-like f e a t u r e s  I and  II 

a r e  apparent ly  e i the r  t h e  result  of earl ier  excavations o r  n a t u r a l  erosional 

features ,  o r  a r e  a combination of both. 

Surficial  f ea tu res  similar t o  Scarps I and II (which projected through GL-2) 

were  not  observed during reconnaissance mapping near  GL-3. T h e  prominent  a i r  

photo  l ineanlent located in t h e  hills immediately south of S i t e  No. 3 (Figure VIII- 

lo),  which is likely a major s t rand  of t h e  Hurricane faul t ,  and previously-mapped 

suspected fau l t  ttD1f in te r sec t  t h e  embankmeht,  however. Trench  GL-3a was 

positioned on a zone of ground apparently undisturbed by const ruct ion a c t i v i t y  

across  t h e  northward projection of t h e  prominent a i r  photo l ineament  and suspec- 

t ed  fau l t  "En. Trench GL-3c in te r sec t s  mapped fau l t  D, which t rends  N20E f r o m  

approximately Sta t ion 11+00 of t h e  GL-3 dam embankment (as  p lo t t ed  f rom SCS 

data).  Both t renches  exposed well s t ra t i f ied ,  fine-grained alluvial f a n  deposits  

which displayed no evidence of fau l t  disturbance. 

Trench GL-3b was located on ground where minor surficial  a l t e ra t ion  had 

occurred during the  past, bu t  extended across t h e  prominent Hurr icane f a u l t  

l ineament  where i t  t raverses  directly along t h e  t o e  of t h e  hillfroilt immediate ly  

west  of GL-3's r ight abutment .  Extensively sheared and fau l t ed  bedrock was 

exposed at this location, although t h e  rocks a r e  clearly overlain by a n  undisturbed, 

younger sequence of fine-to-coarse-grained alluvial f a n  deposits (see  t r ench  log). 

Materials  in t h e  SCS fi les show t h a t  a n  a r e a  within t h e  GL-3 reservoir  

subsided substantially when wate r  remained in t h e  reservoir  because  of a clogged 

outflow t rash rack  during 1967. T h e  a r e a  of subsidence extended benea th  a por t ion 

of t h e  embankment,  and  is shown in Figure  VIII-2. Because GL-3 d a m  is loca ted  

within t h e  Hurricane Faul t  Zone, i t  was suggested t h a t  t h e  subsidence was in s o m e  

way re la ted  t o  faulting. 

Other  than the  se t t l ement  of this zone, no  additional evidence was found 

during t h e  current  investigation t o  suggest  Holocene fault ing at th is  site. Nearby 

zones  where suspicious fault-like f e a t u r e s  were  identified and  subsequently 
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t renched revealed no indication of faul t  disturbance or  subsidence deformat ion in  

t h e  alluvial deposits  (Trenches GL-3a, 3b, 3c). Furthermore,  i t  is doubtful  t h a t  t h e  

subsidence occurred as a result  of d i f ferent ia l  se t t l ement  of underlying weak, 

sheared bedrock mater ia ls  within a f a u l t  zone. Such deformation would l ikely have  
been present  in Trench GL-3b where sheared bedrock conditions were  exposed, b u t  

were  found t o  be  overlain by flat-lying, undeformed alluvial sediments.  Both t h e  

i n t a c t  bedrock mater ia ls  and t h e  weak, sheared bedrock zones a r e  considerably 

harder  and denser than the  overlying alluvial deposits  exposed in t h e  s i t e  area. 

In summary,  all known evidence suggests t h a t  t h e  subsidence which occur red  

h e r e  is the  resul t  of solution of gypsiferous materials  within t h e  al luvial  f a n  

mater ia ls ,  or collapse of porous mud flow deposits with associated s e t t l e m e n t  o f  

near-surface soil deposits. 

Because of the  proximity of t h e  Hurricane fau l t  zone and t h e  associa ted 

l ineament  or  l ineaments  which project  in to  t h e  alluvial f an  deposi ts  f rom t h e  

flanking hills, t h e  positions of t h e  GL-2 and GL-3 t renches  (and GL-3 subsidence 

zone) may very well overl ie a s t rand or  s t rands  of t h e  Hurricane fault .  However, if 

such fau l t  t r a c e s  exist ,  they a r e  buried by sequences of younger, unfaul ted alluvial 

f an  deposits which a r e  at least as thick a s  t h e  depth  of t h e  exploratory  trenches.  

Figure VIII-S is a sketch of inferred geologic conditions in t h e  Green's  Lake dams  

vicinity, and i l lustrates suspected fault-alluvial f a n  relationships. 

A determinat ion of t h e  age  of t h e  undisturbed f a n  deposits would indicate  t h e  

minimum amount  of t i m e  a n  underlying faul t ,  if present,  has been inactive.  

Although a t t e m p t s  t o  assign ages  t o  t h e  alluvial sediments were  hampered because  

of t h e  general  lack of soil  development, t h e  exposed sed iments  overlying t h e  

discontinuity in Trench GL-2a contained a weakly 'developed soil with carnbic and  

locally weak argillic horizons. Underlying these  deposits (adjacent to t h e  discon- 

t inuity of probable erosional origin) near  the  base of t h e  exposure, an  incipient 

buried paleosol is present within channel fill  material .  Est imated a g e s  of these  t w o  

horizons a r e  approximately 3,500 t o  5,000 years  and 5,000 t o  10,000 y e a r s  B.P. 

(before present) ,  respectively (Dr. R. J. Shlemon, wri t ten  corqmunication), indi- 

ca t ing  t h a t  no fau l t  ac t iv i ty  has  occurred at this locat ion for at least 5,000 years.  

Lletrital charcoal  samples col lected from specific s t ra t igraphic  horizons within 

t renches  GL-2d, GL-3a, and GL-3b have been submit ted fo r  Carbon 14 age-dating, 

but results  a r e  not  expected unti l  ear ly  June,  1982. 
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B. Green's La.ke No. 5 

1. General  Geology 

T h e  Green's Lake No. 5 s i t e  (GL-5) is a flood basin fo rmed  by t h e  main 

re tarding dam at Cross Hollow, t h e  north and south dikes, and  t h e  n a t u r a l  

topography. Quaternary-age basal t  forms the  west, south and sou theas t  margins of 

t h e  basin, and underlies t h e  relat ively high Cross Hollow Hills a r e a  wes t  of t h e  s i te .  

In  t h e  GL-5 vicinity, t h e  basal t  is underlain by older alluvial deposits  which 

comprise t h e  GL-5 basin floor, and, as determined by exploratory Trench  GL-5a, 

t h e  r ight abutment  of the  nor th  dike  and t h e  northeast  margin of t h e  basin. T h e s e  

deposits were  penetra ted by exploratory borings GL-5-1 and 2 st t h e  main d a m  

during t h e  current  study, and  a r e  exposed beneath the  basalt  approximately t w o  

miles southwest of t h e  GL-5 s i t e  in road cuts. 

The basalt  is character ized by rough, prominent outcrops where s t e e p  s c a r p s  

exist ,  notably along t h e  Cross I-Iollow drainage west  of t h e  main dam,  and  along t h e  

northeast-southwest-trending hillfront adjacent  t o  the  GL-5 basin. Where exposed, 

t h e  basalt  is very hard and prominently f ractured,  typically forming c rude  blocks 

severa l  f e e t  in size. A t  t h e  top  o f  t h e  east-southeast-facing hillscarp which f lanks  

t h e  main dam site,  t h e  exposed basalt exhibits a gentle,  east-dipping downward 

warp, conceivably t h e  resul t  of e i the r  gravata t ional  slump-type movement  along 

th is  upper margin, or a tectonically induced flexure which may be  associa ted wi th  

adjacent  faulting. 

T h e  older, underlying alluvial deposits consist of dense, s t r a t i f i ed  sandy s i l t ,  

sand,  and gravel  lenses which consist  of sandstone, l imestone,  si l tstone,  shale  a n d  

basal t  clasts. As determined in Trench GL-5a, most gravel clasts are angular o r  

f l a t  in shape, with re-worked or rounded clasts comprising a n  e s t i m a t e d  5 t o  10% 

of t h e  volume. T h e  alluvium ranges  f rom medium dense t o  very dense, and  s tands  

vert ically in urlsupport ed excavations. 

A t  t h e  base of t h e  hillslopes and  belov? the  more  prominent sca rps  on t h e  east 

side of t h e  Cross Hollow Hills, ta lus  and colluvial deposits  have accumula ted  in 

poorly defined zones which extend outward over t h e  alluvium. T h e  colluvial 
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deposits exposed in Trenches  GL-5b and GL-5c consist of s i l t  to boulder-sized 

material .  They a r e  commonly a gravelly s i l t  containing erratic basal t  cobbles and 

blocks with a prominent, overlying hardpan zone of leached calcium carbonate .  

Where uncemented by t h e  carbonate ,  t h e  colluvium is typically loose to medium 

dense. S i t e  geology in t h e  vicinity of Green's Lake No. 5 is shown in Figure  VIII-4. 

2. Faul ts  

Figure  VIII-10 i l lustrates t h e  locations of t h e  GL-5 embankments ,  t h e  

prominent topographic sca rps  which trend northeast-southwest a n d  form t h e  

margins of the  GL-5 basin, and t h e  numerous a i r  photo l ineaments  present  in t h e  

Cross Hollow Hills t o  t h e  west. Approximately two  miles southwest  of t h e  s i t e  and  

along t h e  projected t rend of t h e  scarps  and l ineaments,  road c u t  excavations 

expose both t h e  basalt  and underlying older alluvium. A t  th is  location,  both pre- 

and  post-basalt a g e  shear  planes a r e  present as i l lustrated by photographs VIII-2 

and VIII-3 (both north-facing views). Photograph VIII-2 defines a s teeply  east- 

dipping shear  within the  older alluvium which is clearly t runca ted  by t h e  overlying 

basalt.  Photograph VIII-3 shows another  east-dipping shear  which o f f se t s  both t h e  

a l l ~ v i u i n  and younger overlying basalt.  

A t  t h e  nor theast  margin of t h e  GL-5 basin, exploratory Trench  GL-5a is 

located along a northeast-southwest sca rp  where basalt  outcrops are absent.  The 

t rench  exposures indicate this sca rp  is underlain by apparent  down-to-the-west 

displacemerits within alluvium which is similar in charac te r  t o  t h e  alluvium 

underlying basalt  at t h e  road c u t  t o  t h e  southwest. Several  high angle  and  apparen t  

d i p s l i p  o f f se t s  which displace well s t ra t i f ied  sand and gravel  and  a wel l  developed 

overlying carbonate  horizon are present. T h e  a g e  of t h e  latest offse t t ing 

movement  (based on t h e  developrnent of carbonate  within t h e  t r ench  exposures) i s  

e s t imated  t o  be  l a t e s t  Pleistocene,  o r  at least 10,000 B.P. (before present)  (Dr. R. 

J. Shlemon). De t r i t a l  charcoal  sampled f rom s t r a t a  c u t  by o n e  of t h e  high angle  

shears  (see  log of Trench GL-5a) has  been submit ted f o r  Carbon 14  dating,  and  

resul ts  f rom this analysis a r e  expected in June,  1982. 

T h e  prominent, southeast-facing s c a r p  underlain by basal t  at t h e  west  margin 

of t h e  basin is locally mantled by colluvial deposits  which were  exposed by 
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exploratory Trench GL-5b. A nearly vertical discontinuity was observed a t  Station 

0+62 (see trench log) which juxtaposes a distinctive carbonate hardpan (Unit 2a) on 

the  east  side with a stratigraphically older colluvial gravelly sand (Unit 3) on the 

west. The apparent east-side-down displacement of Unit 2a coincides with t h e  

overall sense of displacement along the  west ~nerg in  of the GL-5 basin. Overlying 

the discontinuity, a well developed and undisturbed carbonate layer (Unit 2) is  

present, which is expected to  be similar in age t o  the offset carbonate horizon 

exposed (Unit 5) in Trench GL-5a to the  east  (R. J. Shlemon). 

Southv~est of Trench GL-5b and along the trend of the same scarp (but 

southwest of the main retarding dain a t  the Cross Hollow hills drainage), colluvial 

deposits of unknown depth a re  exposed by Trench GL-5c below a relatively smooth, 

consistent slope. The location of this trench is plotted in Figure VIII-10. At  this 

locale, a continuous, well-developed leached carbonate horizon is displaced 

approximately 1 foot on a near-vertical plane in an apparent east-side-down sense 

(Photograph VIII-4). This feature ]nay be associated with faulting, or  alternatively 

the result of gravity induced down-slope movement occurring entirely within the  

colluvium . 

All the offsets observed along the  east  margin of the Cross Hollow Ilills a r e  

apparently normal (or dipsl ip)  displacements. The scheinatic cross section, Figure 

VIII-5, illustrates the likely geologic configurations in the GL-5 basin area. 

C. Gypsurn Wash 
pp 

1. General Geology 

Gypsum Wash dam is located on a gently westwardsloping surface west of 

Warner Ridge. The eroded core of a north-south trending anticline l ies between 

the  dam and Warner Ridge. The dam si te  is on the eroded (or planed-off) west- 

dipping flank, and Warner Ridge forms the prominent east-dipping flank. These 

relationships a r e  shown on the schematic cross section presented in Figure VIII-7. 

Bedrock underlying the s i te  is mapped as Triassic-age Moenkopi Formation, 

consisting primarily of thinly bedded gypsiferous shale and sil tstone with minor 
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interbeds of sandstone and limestone. These rocks locally display tight, contorted 

warps and randomly oriented gypsum or calcite-lined shear planes, but  exposures in 

the vicinity indicate tha t  bedding is typically coherent for extended distances. 

Between the dam si te  and Warner Ridge and along the eroded anticline core, 

the topography is chsracterized by low, rounded hog-back hills with sharp "bad- 

landstr relief, which has resulted from erosion of the weak shale  bedrock. Thin, 

older alluvial fan deposits overlie minor portions of the  bedrock terrain. Both t h e  

older fans and the bedrock a re  well dissected by erosion. 

In the vicinity of the dam embankment and the diversion berm t o  the south, 

exposures of the bedrock and old fan deposits (which are common to  the east  of the 

site) a re  buried beneath younger alluvial fan deposits. These younger fans thicken I-' 

westward toward the center of the valley. 

The mapped trend of the Washington faul t  strikes approximately north-south 

through this transition area between exposed and buried bedrock, and locally forms 

a sharp demarcation between bedrock and alluvial materials a t  nearby locations. 

Exploratory trenches excavated along the  trend of the  Washington faul t  

encountered both the older fan deposits exposed a t  the surface t o  the  east,  and the  

younger, overlying fan deposits. The younger deposits a re  typically well s t rat i f ied 

and consist of loose-to-medium dense silt, fine-to-coarse-grained sand, and minor 

fine gravel. The sand is characterized by medium- t o  coarse-grained, weakly 

stratified lenses with a "salt and pepper" contrast .  Loose silt and fine gravel zones 

a r e  common, and form conspicuous, short, discontinuous lenses with sharp contacts. 

Soil profiles a r e  virtually absent in these sediments. 

The older alluvial fans a r e  typified by relatively denser and coarser-grained 

materials. They consist of well stratified silt, sand, and gravel mixtures of varying 

percentages with internally chaotic gravelly beds or  lenses common locally. The 

coarser lenses contain abundant angular and f la t  clasts of siltstone and gypsiferous 

shale. As with the younger fan deposits, no soil profiles or  paleosols were observed 

in the older fans, since they either have been removed by erosion o r  were never 

developed. 
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2. Faul ts  

T h e  t r a c e  of the  Washington fau l t  has been documented along t h e  east s ide  o f  

t h e  valley in which Gypsum Wash Darn is located.  The  fau l t  zone  ex tends  

northward beyond the  town of Washington, and southward in to  Arizona fo r  a t o t a l  

d is tance of approximately 42 miles. The  main t r a c e  of t h e  faul t  is c lear ly  exposed 

approxilnately two  miles south of t h e  site. In this area, a prominent s c a r p  wi th  

sharp relief  separa tes  dissected Triassic-age bedrock on t h e  e a s t  f rom Quaternary-  

a g e  alluvial f a n  deposits on t h e  west  (see Figure VIII-11). Between t h e  well-defined 

s c a r p  and t h e  dam s i t e  t o  t h e  north, t h e  faul t  t raverses  t h e  drainage which ex tends  

westward f rom Warner Draw. No c lea r  exposure of fault ing is p resen t  where t h e  

mapped location of t h e  Washington fau l t  crosses t h e  primary Warner Draw dra inage  

ravine, but  a prominent, high-angle f a u l t  cu t s  t h e  Moenkopi bedrock somewhat  east 

of t h e  mapped t r a c e  of t h e  fault.  This o f f se t  probably represents  a major splay of 

t h e  faul t ,  if not  the  ac tua l  main t race .  A t  this location, t h e  fau l t ed  bedrock is 

capped by unbrolten, deeply dissected alluvial f an  deposits which may be of s imilar  

a g e  t o  t h e  older fans exposed at t h e  dam s i t e  t o  the  north. Photograph VIII-6 

i l lus t ra tes  t h e  prominent shear  and capping alluvial deposits at th is  location.  

The  t r a c e  of the  Washington fau l t  near t h e  dam s i t e  was apparent ly  l o c a t e d  

by pre-construction exploration, which involved excavation of t e s t  p i ts  a t  t h e  

embankment  si te.  These pits exposed ruptured bedrock and f a n  inater ia ls  (Test 

P i t s  118A, 1185, 120B, SCS da ta )  which resulted in re-location of t h e  dam f u r t h e r  

e a s t  t o  t h e  present position. Subsequent studies during this investigation indicate  

t h a t  a wider zone of sheared e a r t h  mater ia ls  than t h e  pre-construction excavat ions  

revealed is present,  and t h a t  t h e  zone extends fu r the r  eas tward benea th  portions of 

t h e  dam. 

Exploratory t renches  excavated during t h e  current  study were  l o c a t e d  a long 

l ineaments  or  anomalous topographic fea tu res  observed on a i r  photos and dur ing 

field reconnaissance mapping. Figure  VIII-6 shows geologic conditions at t h e  d a m  

s i t e  along with t h e  locations of t h e  trenches. Trench G-1 was  posit ioned across  a 

north-northwest trending photolineament which coincides with t h e  a b r u p t  wes te rn  

end of t h e  low, dissected hills located immediate ly  south of t h e  south  end (or bend) 

of the  dam embankment.  Pre-construction test pit excavations t o  t h e  nor th  
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exposed discontinuities with t rends  approximately parallel t o  this l ineament.  

Exposures in Trench G-1 reveal  dense, approxirn a te ly  horizontally s t ra t i f i ed  f a n  

deposits  which a r e  c u t  by numerous high angle shears  (see log). T h e  shears  t rend 
north-northwest with displacements commonly ranging from a f e w  inches t o  

severa l  f ee t .  Both down-to-the-west and down-to-the-east .relative displacement 

a r e  present ,  resulting in a Horst  and Graben s t ructure .  However, mos t  o f f se t s  a r e  

down-to-the-west and coincide with the  normal displacement associa ted with t h e  

Washington fault .  A t  t h e  west  end of t rench G-1, a thickening wedge of less 

consolidated, younger alluvial f an  deposits (Units 1 and 9) over l ie  t h e  older 

material .  These  younger deposits do not appear  t o  be  involved in t h e  shear ing 

which disrupts t h e  underlying older f a n  deposits. 

Trench G-4, located at t h e  t o e  of t h e  dam between t h e  pre-construction test 

pi ts  and Trench G-1, revealed o f f se t s  in older fan mater ia ls  similar t o  those  

exposed in G-1. A t  t h e  G-4 location,  well s t ra t i f ied  younger f a n  deposits  are 

thicker and more clearly exposed. T h e  uppermost deposits identif ied as Unit 8 on 

t h e  t rench log a r e  clearly unbroken. Unit 1, underlying Unit 8 and overlying t h e  

older f a n  deposits, consists of a generally massive, loose zone of sandy silt. This 

zone is apparent ly  involved in t h e  offse t t ing shears. I t  conforms t o  t h e  irregular 

su r face  (which is disrupted by offsets)  of t h e  older underlying fan,  and is  present  as 

in-f illing mater ia l  in fissures and pull-apart s t ructures  along ce r ta in  s h e a r  p lanes  

(Stations 0+26, 0+30, 0+39). The  charac te r  of the  Unit 1 mate r ia l  more  closely 

resembles t h e  younger of t h e  f a n  deposits. The  a g e  of Unit 1 is estimated t o  be in 

t h e  5,000 t o  10,000 year  old range (Dr. K. J. Shlemon, wri t ten  communication). 

South of Trench G-1, Trenches G-2 and G-3 were  s i ted  at  t h e  wes te rn  end of 

a n  exposure of gypsiferous shale  which fo rms  small, hog-back t y p e  ridges. These  

t renches  exposed a sharp,  nearly ver t ica l  shear  plane which juxtaposes gypsiferous 

sha le  bedrock on the  east with dense, older alluvial f a n  on t h e  west. T h e  shear  

plane t rends  N-S through both  t h e  G-2 and G-3 t rench exposures, and  ex tends  

upward t o  within 2 f e e t  of t h e  ground sur face  (see  logs of Trenches  G-2 and  and  G- 

3, and Photograph VIII-5). Young alluvial f an  mater ia ls  overl ie and are in sharp  

c o n t a c t  with the  older f a n  deposits, and  are clear ly  offse t  by 2 inches on t h e  shear  

plane in a down-to-the-west sense  ( the  amount  of bedrock and older f a n  o f f se t  is at 

least 4 feet ) .  These  o f f se t s  are loca ted  at Sta.  0+25 in trench (3-2 and at Sta. 0+15 
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in Trench G-3 (see logs). The  displacement of t h e  young f a n  mate r ia l  most l ikely 

results  f rom e i the r  d i rec t  t ec ton ic  faul t  displacement along t h e  shear  p lane 

(indicating recur ren t  movements), o r  d i f ferent ia l  se t t l ement  across t h e  shear  plane 

by dissolution of gypsiferous material ,  or  d i f ferent ia l  compaction ac ross  t h e  s h e a r  

plane (conceivably as a result  of s t rong seismic shaking). Information on t h e  dep ths  

and nature  of alluvial deposits underlying t h e  t rench west  of t h e  shear  plane could 

lend weight t o  one of the  above possibilities. In any case, i t  is assumed t h e  bedrock 

offse ts  exposed in G-2 and G-3 define a major t r a c e  of t h e  Washington fau l t  at th i s  

s i te .  

Between Trenches  G-3 and G-1, Trench G-X was excava ted  and  inspected 

during a field meet ing at t h e  s i t e  on January  26, 1982. This t r ench  was no t  logged, 

since i t  was excavated in an  a t t e m p t  t o  resolve t o  those present,  t h e  na tu re  of t h e  

o f f se t  relationships between t h e  younger and older alluvial units  as defined in 

Trenches  G-2 and G-3. Trench G-X revealed a single zone of rupturing within older 

alluvial deposits. An overlying sequence of loose, young alluvium a f e w  inches in 

thickness was found t o  be  unbroken. 

T h e  relationship of the  Gypsum Wash dam embankment  and t h e  main t r a c e  of 

t h e  Washington fau l t  or f au l t  zone is shown on Figure  VIII-6. A t  t h e  southeast  e n d  

of the  dam, t h e  fau l t  location is based 011 the  northward projection of t h e  fau l t  as 

exposed in Trenches G-2 and G-3, t h e  observed location of t h e  bedrock/alluvium 

c o n t a c t  just south of the  dam embankment,  and bedrock exposures within t h e  basin 

just t o  t h e  north. Bedrock is at l eas t  1 0  feel: below t h e  s u r f a c e  just t o  t h e  west ,  

where Trenches  G-1 and G-4 expose t h e  sheared alluvial deposits. Within t h e  

trenches,  these  shears  increase in frequency eas tward (see t r ench  logs), supporting 

t h e  concept  t h a t  f au l t  ac t iv i ty  has been concentra ted along t h e  projection of t h e  

locally exposed bedrock/alluvium con tac t ,  a s  i l lustrated on Figure  VIII-6. 

Near the  cen t ra l  and northern portion of t h e  dam embankment,  areas where  

t h e  low, rounded hills a r e  present  generally coincide with' a r e a s  underlain by 

bedrock. H e r e  t h e  available evidence indicates t h e  Washington f a u l t  is loca ted  

along t h e  western edge or  t o e  of t h e  hills as shown in Figure  VILI-6, separa t ing  

bedrock f rom t h e  essentially flat-lying alluvial f a n  deposits t o  t h e  west. 
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The  exac t  location where the  trend of t h e  Washington fau l t  t r a c e  o r  z o n e  

in te r sec t s  t h e  dam alignment between i t s  location a t  t h e  southeast  end of t h e  dain 

and t h e  generally well-defined hillfront sca rp  just northwest of t h e  d a m  is 
speculative because of t h e  lack of bedrock exposures and locally altered 

topography near  the  dam. An available SCS construction drawing (llCraclts Exposed 

in Bedrock Foundation and Cutoff  Excavation, Gypsum Site", 5/74) indicates  a 

ser ies  of northwest-southeast trending cracks  exposed on t h e  su r face  and  within (?) 

t h e  embankment  cutoff trench between Sta t ions  28+30 and 30+25, which m a y  

represent  the  fau l t  location. The  geologic logs of t h e  foundation excavat ion and  

cutoff  excavat ion ("Geologic Profi le - Cutoff  Trench and Foundation Excavat ion,  

Gypsum Site", 4/74; SCS da ta )  only i l lus t ra te  lithologic zones and d o  no t  ind ica te  

t h e  presence of c racks  or  shears  at these  o r  o the r  locations along t h e  d a m  

alignment. 

Figure VIII-7 is a schemat ic  sketch of a simplified south-facing cross sec t ion  

of geologic conditions at t h e  Gypsum Wash si te.  The  shear  relationships exposed in  
t h e  t renches  during t h e  field investigation are summarized by t h e  f a u l t  o f f s e t s  

i l lustrated at t h e  circled l e t t e r  "A", "B", and "C". "A" represents  t h e  nor thward 

projection of t h e  shear  located in Trenches G-2 and G-3 through t h e  low hills just  

south of t h e  southernmost corner of t h e  dam. I t  is assumed t h e  c o n t a c t  of bedrock 

and old alluvium existing a t  this location is a fau l t  contact ,  al though no excava- 

tions were  made here  because no potential ly datable  soils a r e  present.  

"B" represents  the  conditions exposed in Trenches  G-2 and G-3 where  t h e  

prominent shear  plane o f f se t s  bedrock, older and younger alluvial deposi ts  as 

described above. The es t imated age  of the  young f a n  deposits in these  t r enches  is 

no older than  1,000 t o  1,500 years  ( ~ r .  R. J. Shlemon, wri t ten  communication). 

"C" i l lus t ra tes  the  relationships in Trench G-4, where alluvial Unit  1 with a n  

es t imated  age  of 5,000 t o  10,000 years  is involved in shear  offsets.  T h e  youngest ,  

uppermost sediments  zt this s i t e  (Unit 8) a r e  es t imated  t o  be  o f  late Holocene age, 

and a r e  unbroken. The older alluvial fan  deposits  exposed in all of t h e  Gypsum 

Wash t renches  a r e  es t imated t o  be l a t e  Pleistocene,  o r  between 10,000 and 25,000 

years  old (Shlemon). Although no mater ia ls  were  found in t h e  t renches  which could  

be positively dated,  conditions exposed indicate t h a t  fault-related displacements  of 

t h e  alluvial mater ia ls  underlying t h e  dam are likely t o  have occurred dur ing 

Holocene t ime. 
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D. Warner Draw 

1. General Geology 

In the dam site locality, Warner Ridge strikes approximately northsouth and 

forms the western margin of Warner Valley. The ridge is  underlain by the east  

flank of an anticline, the axial zone and western flank of which are  now eroded 

away. Runoff from Warner Valley has eroded a low gap in the  ridge forming 

Warner Draw, a narrow westward-draining channel where Warner Draw Dam is 

sited. Most of the  foundation and right abutment of the dam is underlain by well- 

bedded Triassic-age rocks of the Moenkopi and Chinle Formations, which also 

underlie Warner Ridge and dip eastward approximately 20 degrees from horizontal. 

These rocks consist mainly of weak shale with prominent interbeds of harder 

siltstone and fine-grained sandstone, and individual beds can commonly be traced 

for many hundreds of feet  where exposed. The chzracter of these rocks is 

described further in materials contained in the SCS files. 

The lef t  abutment and a portion of the southerly foundation area  is underlain 

by old alluvial sand deposits, which are a t  least partially eolian. The alluvial 

deposits range from well sorted (poorly graded) silty sand to sandy silt, and are  

typically massive with a few minor stratified pockets of coarse sand and gravel. 

Leached carbon3.te commonly cements the alluvial sedircents, forming dense, 

stable deposits which have been locally incised by erosion. According to previous 

records produced during dam construction, the alluvium extends to considerable 

depths, filling an old stream channel meander located just south of the  present 

drainage channels (SCS data). 

2. Faults 

The prominent gap a t  Warner Draw suggests the presence of a weakness or 

discontinuity in the Warner Ridge bedrock a t  this location. Nearby, prominent 

shears cut the conspicuous promintory located about 3,000 fee t  southwest of the 

site, where the point of the ridge has been displaced downward t o  the  west (see 

Figure VIII-12). The possibility that  a weak zone a t  Warner Draw resulting from 

another similar fault splay was considered, since the Washington fault  is located 

only 4 mile to  the west. 
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Several air photo lineaments which extend close to or in the direction of the 

Warner Draw gap were identified during this investigation. Their orientation was 

anomalous to the general north-south trend of the Washington fault, however, and 

field examination of bedrock outcrops and ravine channels cut in alluvium where 

the air photo lineaments were plotted revealed no evidence that the  lineaments 

were fault related. Reconnaissance of the Warner Draw drainage indicates tha t  

the bedrock is essentially cohereni near the dam, with a progressive increase in 

fracturing and distortion westward to the  Washington fault zone. (The major shear 

displayed in Photograph VIII-5 and described in Sectior~ VIII-C.2 is located a t  the  

eastern margin of the fault zone.) I-Iowever, a small bedrock fault exists near the  

Warner Draw channel bottom which intersects the downstream toe  of the dam 

(Figure VIII-8, fault (A)). The fault has an apparent thrust offset of th ree  fee t  and 

is oriented N20E, dipping 30 southeast. Photographs VIII-7 and 8 illustrate this 

feature tvhich is a continuous, consistent tight plane traceable throughout the 

bedrock exposure. An offset of similar orientation is locally exposed in bedrock 

higher in the stratigraphic section, approxifilately 1,000 fee t  t o  the south. During 

dam construction, another bedrock fault (Figure VIII-8, fault (B)) was mapped a t  

Station 15-+70 of the embankment alignment in the foundation cut-ofl trench (SCS 

data). Information as to the strike and amount of displacement is not available, 

but it  is conceivable this shear parallels the above described offsets. 

Inspection of the adjacent alluvia! deposits -dong the projection of the dam 

si te  faults revealed no signs of disturbance. Exploratory trenches WD-1 and WD-2 

were excavated across the projected strike of the fault shown in Photographs VIII-7 

and 8, and across the speculated trend of the fault mapped in the foundation cut- 

off trench. The trench exposures revealed dense-to-very-dense, fine-grained silty 

sand deposits which display no evidence of faulting or other disturbances. The 

faults present in the adjacent bedrock are considered to be  ancient features which 

most likely resulted from compressional stresses associated with folding of the  

Warner Ridge anticline. 
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E. Stucki  

1. General  Geology 

Stucki  dam extends  for 1,400 f e e t  across a broad, north-draining Valley which 

parallels t h e  Washington faul t  and Warner Ridge. These  fea tu res  are loca ted  

approximately 2,000 f e e t  and  3,000 f e e t  to  the  east, respectively (see Figure  VIII- 

11). 

Alluvial f a n  deposits extend westward f rom t h e  ridge f ron t  and obscurely 

merge with valley fill  and s t ream channel alluvium along t h e  lower east side of t h e  

basin (see Figure VIII-9). T h e  f a n  and alluvial deposits  underlie all but  t h e  e x t r e m e  

western end of t h e  dam embankment.  The  west  ( lef t )  a b u t m e n t  of Stucki  dam a n d  

t h e  southward-extending basin margin is formed by a continuous, east-facing s lope 

which is eroded in to  older, very dense sandy alluvium. T h e  f l a t  upper su r face  o f  

t h e  old alluvium west of the  l e f t  abutment  slope is underlain by a well developed 

calcrete or  hardpan layer,  which results  in a prominent ledge at t h e  top  of t h e  

east-facing slope. A t  t h e  t o e  of this erosional escarpment ,  t h e  alluvium within t h e  

drainage basin is in disconformable con tac t  with t h e  older,  dense alluvium. A 

description of t h e  lithology of the  e a r t h  mater ia ls  present  at t h e  s i t e  is presented 

by Deming and Bridges 1971 construction repor t  in t h e  SCS files. 

2. Faul ts  

T h e  Washington fau l t  is prominently exposed east of t h e  s i te ,  where  alluvial 

f a n  deposits on t h e  west  a r e  juxtaposed with Triassic rocks on t h e  east. T h e  

cur ren t  investigation disclosed no t raceable  surficial  evidence of westward- 

branching splays extending toward t h e  embankment,  but  t h e  prominent l e f t  

abu tment  and basin margin (which forms a continuous, nor th-northwest south- 

southeast  escarpment)  was regarded as a suspicious f e a t u r e  in view of t h e  s imilar  

configuration of t h e  nearby Washington fault .  

Field reconnaissance along t h e  escarpment  just south of t h e  embankment  

established t h e  continuity of horizontal  beds at and just below t h e  calcrete. These  

beds can  be t raced  several  tens  of f e e t  westward within a prominent erosional 
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gully present here. The  cen t ra l  and lower portions of t h e  esca rpment  were  fu r the r  

investigated by exploratory t renches  SD-1 and SD-2. These t renches  exposed very  

dense  sand and silt in thick, poorly defined flat-lying beds, over la in  locally by 
colluvial deposits (see log of Trench SD-1). A t  t h e  t o e  of t h e  slope, Trench SD-1 

exposed the  dense old alluvium at an abrupt,  near-vertical c o n t a c t  with loose,  

younger alluvium. Rubbly mate r ia l  derived from t h e  older alluvium extends  

eas tward  f rom t h e  con tac t  for a f e w  f e e t  below t h e  overlying younger deposits a s  

i l lustrated on t h e  t rench log. Shear  planes, dragged s t ruc tu res  o r  o t h e r  f e a t u r e s  

indicative of fault ing were  not exposed. Trench SD-2, excavated 100  f e e t  t o  t h e  

nor th  at t h e  toe  of t h e  slope and along t h e  trend of t h e  ve r t i ca l  c o n t a c t ,  exposed 

a n  east ward-thickening wedge of younger, looser, valley alluvium, forming a 

smooth,  shallowly-east-dipping c o n t a c t  with t h e  underlying dense  old alluvium. 

The  above conditions indicate the  ver t ica l  c o n t a c t  configuration of t h e  alluvial 

units in Trench SD-1 represent  an  old wash or  ravine bank which w a s  subsequently 

in-filled by t h e  younger alluvial deposits. On t h e  basis of t h e  exposures afforded by 

t h e  erosional gully below t h e  c a l c r e t e  and t h e  exploratory t renches ,  t h e  l e f t  

abu tment  escarpment  is considered t o  be  a natural  erosional f e a t u r e  and not  t h e  

result  of faulting. 

Additional geologic investigation concerning t h e  remainder o f  t h e  dam site 

was performed by t h e  SCS during construction operations when a cut-off t r ench  

was excavated in to  the  alluvial deposits  prior t o  p lacement  of t h e  embankment .  

Faul ts  or  shear  planes were  not  repor ted during construction,  and  none a r e  

i l lustrated on the  log of t h e  cut-off t rench (SCS data). Considering t h e  e x t e n t  of 

t h e  s i t e  exploration, it is reasonable t o  assume t h e  foundation and  a b u t m e n t s  of 

Stucki dam are f r e e  of ac t ive  fau l t  t races .  

F. F r o g  Hollow 

1. General  Geology - 

Frog  Hollow dam s i t e  is located approximately 2 miles east of t h e  conspicu- 

ous north-south trending Hurricane fau l t  scarp.  Quaternary-age basalt flows 

(which are common in t h e  vicinity of t h e  faul t )  extend eas tward f rom v e n t s  near  

t h e  sca rp  and underlie t h e  dam site.  North and east of t h e  s i te ,  alluvium of  varying 
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thickness overlies basalt flows which have been mapped as  Stage 3, or oldest of the 

flows in the vicinity (SCS construction reports). South and west of the  dam, a 

younger basalt flow (Stage 4) forms an obvious contact a t  the western margin of 

the alluvium that underlies the drainage basin upstream from the  dam (see Figure 

VIII-1 2). 

Geologic conditions exposed in Workman Wash (the Frog Hollow dam si te  

channel) before and during placement of embankment materials were investigated 

by the SCS and are described in p~e-construction geologic reports available in SCS 

files. These studies indicate relatively pervious zones a t  the  upper and lower 

margins of the basalt flows, and a southerly-dipping alluvium/basalt contact 

underlying the present embankment. Basalt exposures currently observed near the  

dam indicate only hard, fresh mzterials, particularly in the channel bottom where 

abrasion from stream flow has scoured the rock. Earlier reports indicated 

llextremely weathered" basalt apparently in or along the channel, but only fresh 

rock was observed a t  the available downstream exposures during the current study. 

Basalt exposed in the channel downstream from the dam is fractured along 

two major joint se t  orientations, both of which are nearly vertical. One s e t  strikes 

north-soutl? to N15W, with joint spacing ranging frorn 2 or 3 f ee t  to  10 fee t ,  but 

typically about 5 to  6 fee t  (Photograph VIII-9). The second joint se t  cuts  the basalt 

a t  approximately right angles to t'ne first mentioned set,  striking N40  to  60E with 

spacing from about 3 to  10  feet ,  averaging 6 feet  or greater (Photograph VITI-10). 

Near the rock surface, many of these joints are  open several inche- 3 or more as a 

result of erosion and scouring, but appear to  be generally tight a t  depth. Surface 

exposures in the channel indicate these joint sets  a re  poorly developed, generally 

extending for a few tens of fee t  where they die out or are  truncated by other 

fractures. Near-horizontal flow structures, including fractures and cooling 

vesicules, a re  exposed throughout the channel, and result in more prominent and 

continuous zones of discontinuity than the joint sets. 

Alluvium overlies bedrock upstream from the site. At least 8 fee t  of alluvial 

cover is currently exposed where deep gullying exists a t  the margin of present 

storage basin. Preconstruction excavations and borings in the  upstream area  

indicate the alluvium has a maximum thickness of several tens of feet  in the areas 

explored. 
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2. Faults 

Both the review of previous geologic mapping and reports together with the 
current air photo analysis and field reconnaissance, indicates the Frog Hollow site 
is free from active faulting. The Triassic sedimentary rocks which underlie the 

basalt in this area may be faulted, but no evidence of such faults, if they exist, are 

found in the younger, overlying Quaternary basalt or alluvium. 

G. Ivins Diversion No. 5 

1. General Geologv 

The Ivins Diversion No. 5 embanltment is sited on an alluvial fan deposit 

which extends south-southeastward from the prominent erosional scarp a t  the south 

end of the Red Mountains. The steep escarpment is cut in nearly horizontal beds of 

gypsiferous shale, siltstone and sandstone of the Triassic-age Kayenta Formation, 

above which Navajo formation sandstone forms vertical, prominent cliffs. At the 
west end of the diversion dams and just north of the town of Ivins, an old block 

slide is present which rests on the lower portion of the escarpment (see Figure VIII- 

13). Large, integral masses af both the Navajo and Kayenta formations are 

exposed in this slide deposit. The degree of erosional dissection and amount of 

colluvial debris which masks portions of the block slide suggest this feature is most 

likely pre-Holocene in age. 

2. Faults 

Several prominent lineaments are present in the Navajo sandstone which caps 

the southern end of the Red Mountains (see Figure VIII-13). Field reconnaissance 

revealed no evidence to indicate these lineaments extend below the Navajo 

sandstone into the underlying weaker shales. Prominent, verticd fractures cut the 

Navajo sandstone a t  the cliff-top exposure and presumably account for the 

lineaments observed. 
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Additional reconnaissance of an air photo lineament in Quaternary deposits 

east of the site failed to disclose any evidence of disturbed materials. Based on 

the conditions observed, the Ivirls dam site is considered to be free of faulting. 

Major faults which are present in the region include the Grand Wash fault 

located approximately 5 miles west of the site, and the Washington and Hurricane 

faults, located 10  miles and 21  miles east, respectively. Each of these faults has 

experienced normal, down-to-the-west displacements. 
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Photo VIII-1 View of south wall and floor of Trench GL-2a, Station 0+98. Coarse, rubble zone with 
locally loose gravel to left of sharp discontinuity; lighter-toned carbonate cemented gravels 
and underlying silt lens (on floor) to right. Most observers agreed this feature represents an  
old erosional channel margin. Overlying sediments at red flagged nail are continuous. 



PhoWVIII-2 View approximately north of road cut a t  south end of 
the Cross Hollow Hills. Basalt mapped as Quaternary in 
age disconformably overlies older, stratified alluvial de- 
posits which have been offset. Sharp, continuous basalt/ 
alluvium contact indicates rupturing occurred prior to 
basalt flow. 

Photo Vl l l -3 View of the same road cut just east of Photo VII-2. At  
this location, both the aliuvium and younger overlying 
basalt are displaced by shearing, indicating a post-basalt 
flow rupture. Assuming the basalts of Photos Vll-2 and 
VII-3 are the same age, recurring displacements are 
indicated. 



Photo V111-4 View of south wall of Trench GL-5c. Colluvium derived from Cross Hollow Hills basalt to 
right mantles slope. Prominent carbonate (hard pan) horizon 1 or 2 feet below surface i s  
disrupted locally along near-vertical planes. Trench GL-5c i s  located along southern pro- 
jection of prominent scarp and an offset exposed in Trench GL-5b. 
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Photo Vl l l -5  View of south wall of Trench G-2. Shear plane extends 
from bottom of wall just left of shore upwards to 1 inch 
from top of photo. Gypsiferous shale bedrock a t  lower 
left, bedrock debris and older alluvial fan a t  lower right 
across shear. Young alluvial fan overlying i s  pale gray 
and i s  offset 2 inches at base. 

Photo Vl l l -6 View of north wall of ~avine which extends westward 
from Warner Draw. Deeply eroded vertical channel in  
disrupted shale and siltstone of Moenkopi Formation i s  
prominent shear zone associated with Washington Fault. 
Undisturbed alluvial fan deposits unconformably overlie 
Moenkopi Formation a t  contact approximately 1.75 
inches below top of photo. Pine Valley Mountains north 
of St. George in background. 



* 
Photo Vl l l -7 View northeast of Chinle Formation outcrop on southeast side of ravine approximately 

100 feet downstream from toe'of Warner Draw dam. Rock hammer inserted in bedrock 
fault plane with apparent 3 feet of thrust displacement. Shear plane i s  a tight, continuous 
plane oriented N20E dipping 30% SE. No evidence of*disturbance was found within young- 
er materials explored along the projection of this fault. 

Photo Vlll-8 View southeast of same fault plane as in Photo VIII-7 where it intersects outiet pipe a t  toe 
of Warner Draw dam. Plane i s  located just above head of rock hammer and appears to co- 
incide with bedding planes at this configuration. 



photo Vl l l -9 View north of basalt (mapped as Stage 3 in SCS data) approximately 500 feet downstream 
from toe of Frog Hollow dam. Prominent joints oriented N5W are well defined a t  the sur- 
face but appear to tighten with depth. Abrasion-polishing of basalt in lower portion of 
channel obvioiis. 

Photo Vltl-10 View east of basalt downstream from Photo VIII-9. A second well defined joint set orient- 
ed N55E i s  exposed here. Rock hammer located where erosion has cut laterally into the 
channel wall along joint plane. Approximately horizontal flow banding and associated 
fractures are apparent here and form the most continuous structures within the basalt. 
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EXPLANATION 

GEOLOGIC UNITS SYMBOLS 

- 1 Alluvial fan deposits: silt, rand, and gravel; - -- - Geologic contact; approximately located. 
locally rubbly. 

I Topographic scarp located during ES.4 fie!d ' ' ' reconnaissance; hachures o n  down-dip side. 

A Suspected fault traces located f r o m  SCS data; 1 7 1  Landriide d~posits:poorIy defined refer t o  Section VI. A-2 for discussion. 
accumulations o f  Ob and JTr. 

,I5 Strike and d i p  o f  bedding. 

Exploratory trench location. 

15C 300 feet 



Figure No.
VIII-2

200 feat
I

100
I

o
I

SYMBOLS

Approximate area of subsidence that resulted
from standing water in 1967.

Landslide deposists: poorly defined accumu,
lations of Qb and JTr .

Jurassic and Triassic rocks, undifferentiated;'
includes sandstone, siltstone, gypslferous
shale, and limestone.

Basalt: poorly defined zones of limited areal
extent.

Exploratory trench location.

Alluvial fan deposits: stratified, silt, sand,
gravel.

Projected major trace of Hurricane fault below
unbroken Qaf.

Geologic contact; dashed where approximately
located. -

Suspected fault trace of D. H. Griswold
(SCS data).
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Ailuvium: dense, well stratified silt, sand
gravlli.

SYMBOLS

NOTE

GEOLOGIC UNITS

Basalt: hard, fresh.

Exploratory trench location.

Collvium: loose to medium dense calcareous
silt, sand; locally rUbbly.

Geologic contact; approximately located.

Fault; dashed where approximately located;
Queried where uncertain; relative dlsplacment
'indicated by D - down, U - up.

E~PlANATION

Pilla Alto, CJ!Hofnia

Earth Sciences Associates

See Figure VIII·10 for location of Trench GL-5c.
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GEOLOGIC UNITS

Alluvial fan.

SYMBOLS

Flow basalt.

Alluvium.

Landsl ide deposits.

Jurassic and Triassic rocks
(includes local intrusions of basalt).

NOTES

Geologic contact: approximately located;
queried where uncertain.

Normal fault within Hurricane fault zone:
arrows indicate relative displacement;
queried where displacement or existance
speculative,

Is

Qaf

Qb

JT,

QTa

I

1r~

Section is a diagrammatic sketch summanzlng the
geologic conditions determined during the current
investigation; locations of faults and geologic contacts
will vary from actual field conditions,
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400 feet
I

200
I

EXPLANATION

GEOLOGIC UNITS

o
I

Anticline axial plane trace.

SYMBOLS

SC;; exploratory trench, pre-construction.

Exploratory trench location.

SCS exploratory boring, pre-construction.

Strike and dip of bedding.

Washington fault: dashed where approximately
located; queried where uncertain; relative
displacement indicated by D - down, U - up.

Shear planes-exposed in exploratory trenches;
hachures on apparent downthrown side.

Alluvial fan deposits, Holocene: loose silt sand
minor gravel; mapped where estimated thick-' •
ness greater than approximately 4 feet.

AiluviDI fan deposits; undifferentiated.

Moenkopi Formation rocks, undifferentiated:
predominately gypsiferous shale, siltstone; with
lesser limestone, sandstone.

AlIuvial fan deposits, late Pliestocene estimated
age: dense silt, sand, ahd gravel.

Geologic contact; approximately located;
queried where uncertain.
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GEOLOGIC UNITS

i{1 Qyf Young alluvial fan.

~ I Qof Old alluvial fan.

~{I rrm Moenkopi Formation.

~ I Trc Chinle Formation.

NOTES

® Structural relationship apparent in low hills located
at south end of embankment and north of trenches
G-2 and G-3; major fauh trace juxtaposes gypsifer·
ous shale on east with old alluvial fan on west; no
su rficial scarp or younger overlying sediments to aid
in dating of last displacement .

® Structural relationship exposed in trenches G-2 and
G-3, bedrock offset down to west with older alluvial
fan juxtaposed on west side; overlying young
alluvial fan broken by shear at contact with older
fan; shear dies out upward in young fan.

© Structural relationship exposed in trench G-4; shears,
present in older alluvial fan deposits. Younger fan
deposits overlie older fan, and are involved in shears
as in-filling material in pull-away structures; no
through-going shears into youngest alluvial lenses
near su rface.
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Figure No.

VIIl·a

200 feet
I

Date 5-]. 7-~ l.
DaleJ1!\"''1' '32.

100
I

-rz

o
I

Geologic contact: approximately located;
dotted where concealed.

Bedrock fau"t: dotted where concealed; queried
where existance uncertain; arrow indicates dip
of plane; letters A and B refer to text, chapter
VIII.D·2.

NOTE

Strike and dip of joint set in bedrock.

Moenkopi Formation - Upper Red member:
interbedded siltstone and shale; local fine­
grained sandstone_

SYMBOLS

Exploratory trench location,

Chinle Formation - Shinarump member: flne-
to coarse-grained sandstone and rounded pebble
conglomerate; siltstone and shale interbeds.

Alluvium: fine-grained silty sand with local
sand and gravel; gypsiferous.

Colluvium: clay, sand, and gravel mix; dry,
dense.

Dune sand: fine- to medium-gralned eolian
quartz sand; loose.

Chinle Formation - Petrified Forest member:
clayey shale, with lenses of sandstone and con­
glomerate.

Sand deposits: predominantly fine-grained
. poorly graded quartz sand; locallv silty or

clayey; dense; abundant carbonate, locally
cemented; typically massive.

GEOLOGIC UNITS

EXPLANATION

Earth Sciences Associates
Palo Alto. California

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
SITE GEOLOGY

WARNER DRAW DAM

Geology derived from SCS map dated 6-30-71 and from ESA field
reconnaissance. 1982.
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Figure No.

VIII·10
(11<'( k"r1 hI' ~r \<.,'--;jj.....f..
,\pproverl by t:::A~

EOLOGIC UNITS

\. EXPLANATION

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
REGIONAL GEOLOGY

CEDAR CITY AREA

Earth Sciences Associates
Pell" Alto. Californid

Trace of appare t bedding in Jurassic· Triassic (JTrl rocks.

Geologic GOntac ; dashed where approximately located, queried where
uncertain.

_170 Incline; questionable; showing dip.

-:- Vertica ; questionable.

Exploratory tre h location.

~ Incline; showing dip.

Possible bed roc fault or major joint set: ball on apparent downthrown side.

SYMBOLS

Alluvial fan dep sits.

Flow basalt, qU.Efed where uncertain. . ' .

JurassIc and TrI~sss,C rocks, undifferentiated, queried where uncertalil.

Alluvial fan andcolluyium, undifferentiated.

Strike and dip 0 bedding:

Trace of Hurric ne fault: identified in exploratory trenches; hachures on
downthown sid

Questionable 01 er alluvial fan deposits.

Alluvium.

Probable trace 0 Hurricane fault zone: hachures on apparent downthown side;
dashed wllere ap )rox imately located; dotted where concealed.

Talus deposits.

Questionable be Irock.

Landslide; showi 19 headscarp area and internal scarp: arrow shows direction of
downslope move nent; queried where uncertain; may include unrecognized
Quaternary basa I (Ob) flow structures.

Colluvium.

Fill.
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Earth Sciences Associates

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
IN SOUTHWESTERN UTAH

PHOTO BASE MAP_OF GYPSUM, WARNER DRAW, AND
ST. GEORGE AREA

PLANATION

2.000 feet

I

Known alld probable races of Washington fault: hachures on apparent downthrown
side, dashed where apl roximately located.

Anticline: showing dir :ction of plunge; dashed where approximately located.

Approximate borrow rea: inc'ludes bedrock locally at or near the surface and
recenl alluvial materia behind embankments.

GeologiC contact; das ed where approximately located. Contacts between surficial
units are locally gracla ional over large lateral distances and are not shown.

Bedrock fault· dip of lane indicated; ball on apparent down thrown side.

NOTE

Aerial photograph lin ament.

Exploratory trench 10 alion.

Strike and dip of bedding:

I
~ Inclined; ShO\tng dip.

-+- Vertical.

1,000
I

*Qof locally present on rem ant pediment surfaces west of Warner Ridge.

SCole 1:24,000

o
I

SYMBOLS

---rm--

-4--

•

J
I

~ Colluvium.

~ Alluvium.

~ Wind blown sand dep sits.

I Qaf I Alluvial fan depo!;its.

IQoa I Older alluvial deposits

I Qof I Older alluvial fan dep sits.

Triassic -{ 0 Triassic rocks, undiffe entiated.

Permiall -{ 0 Permian rocks, undiff rentiated.

Quaternary
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VIII-12

Earth Sciences Associates

2.000 feet
I

1.000
I

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
REGIONAL GEOLOGY
FROG HOLLOW AREA

._~---....-----I

(h,·, k.,,, hy ~~~ rJfI.-;7M-
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Scale 1:24,000

o
I

Probahle rra c of Hurricane. fault: hachures on apparent downthrown side.

Aerial photogra h lineament:

Shallowly east dipping bedding in stratigraphically higher (?) unit.

I
Steeply dipp ng bedding in stratigraphically lower (?) unit.

EOLOGIC UNITS

XPLANATION

Volcanic centerrachures show rimming cliffs,

SYMBOLS

Trace of apparent bedding an Permian rocks:

Older alluvial fa . deposits.

Flow basalt; que ied where uncertain.

Triassic rocks, uJ1differentiatecJ.

Permian rocks, u ldifferentiated.
,

Alluvial fan dep sits and colluvium. undifferentiated.

. f d I. .
Alluvial an ep SitS.

Possible bedrck fault: ball on apl->arent downthrown side.

Sand and gravel uarry,

Geologic contact; queried where uncertain.

~ Alluviurn.

Ii i i " iii i

----?

,

I Qfe I
Quaternary I Qaf I

I Qaf I
[gD

TriassIc -{ 0
permian-{ 0

I
I
I
I
I
I
I
I

r

I
I

I

I



Palo Alto, .lifo, nia
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2,000 feet1.000

SEiSMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS
REGIONAL GEOLOGY

IVINS AREA

Scale 1:24,000

Jointed, resistant. cro.ss·bedded sandstone.

F low basalt.

Aerial photograph lineament; probable traces of major joint set and/or bedding
and/or bedrock fault: ball on apparent down side.

Jurassic - Triassic ~ocks:

Alluvial fan deposits.

Talus deposits.

Alluvium.

Massive shale.

Landslide deposits.

I SYMBOLS

Geologic contact; dasted where approximately located. queried where uncertain.

Trace of apparent sha'ilowly dipping bedding in Jurassic - Triassic shales (JTrsl.

~XPLANATION

~EOLOGICUNITS
r

Dune and wind blow~ sand deposits.

Cretaceous rocks. undifferentiated.
I

Colluvium.
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The field investigation was interrupted by bad weather throughout the term 

of the project. 

Exploratory trenches were logged in detail a t  a scale of 1 inch equals 5 feet, 
and reached depths of 14 feet below the ground surface. The trenches were 

supported by portable hydraulic shoring and locally by timber shoring where support 

was needed for extensive time periods. Barbed wire fencing provided protection 

for the excavations when left unattended. All trenches were backfilled by 

February 9, 1952. 

In the Cedar City area trenches, charcoal samples were obtained from key 

stratigraphic horizons for Carbon-14 age-dating purposes. Samples of charcoal 

submited for age-dating were recovered from the following sites: Trench GL-2d, 

Sta. 0+05; Trench GL-3a, Sta. 0+57, Sta. 1+54; Trench GL-3b, Sta. 0+42, Sta. 1+27; 

Trench GL-,Say Sta. 0+05, Sta. 0+10. 

Field reconnaissance mapping, trench logging, and charcoal sample recovery 

was performed by T. D. Hunt of Earth Sciences Associates. Backhoe service was 

provided by George Ziegler and Son of Cedar City, Utah. Dr. R. J. Shlemon 

provided geornorphic and soil stratigraphy analysis for geologic age determinations. 

The charcoal samples are presently at Teledyne Isotopes (New Jersey), and 

Geochron, Krueger Enterprises (Cambridge, Massachusetts) laboratories for age- 

dating analyses. The results of these tests zre expected in May, 1982. 
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Appendix B 

DRILLING AND SAMPLING 

The geotechnical field investigations for the seismic evaluation of eight SCS 

dams in the Cedar City-St. George, Utah area were conducted from September 28 

through October 20, 1981. The sampling and drilling phase of the  investigations 

was performed by Douglas Yadon (Engineering Geologist) of Earth Sciences 

Associates. Drilling operations were subcontracted t o  Pitcher Drilling Company of 

East Palo Alto, California. 

The objectives of the drilling and sampling phase of the investigations were: 

1. To provide information on the materials comprising the  reservoir 

embankments and their underlying foundation. 

2. To perform Standard Penetration Tests (SPT). 

3. To obtain disturbed and undisturbed samples for laboratory testing. 

Twenty-six exploratory borings were drilled in the embankment and founda- 

tion of all eight dams totaling 1096.7 lineal feet. All borings penetrating 

embankment materials were drilled along the dam centerline from the  crest and 

then into the underlying foundation soil or rock. Most of the foundation borings 

were located adjacent to  the upstream toe of the embankment. The locations of 

the borings a re  summarized in Table B-1 and are  shown in Figures B-1 through B-8. 

A Failing 1500 rotary drill rig was used to  advance all borings. Holes were 

drilled using the direct rotary method with water circulation. In most cases 

drilling fluid additives were unnecessary due to relatively low fluid losses. 

Bentonite drilling mud and/or salt-gel were added in some instances t o  retard fluid 

loss and help flush heavy gravel cuttings. Each boring was star ted with a 6-inch 

flight auger and a short section of surface casing was set and sealed with 

bentonite. 

All of the borings were sampled as continuously as  possible with a 3-inch 

Pitcher barrel sampler and a standard penetration split spoon sampler. The usual 
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procedure employed was to cut a 2; foot relatively undisturbed sample with the 

Pitcher barrel, conduct a standard penetration drive test  (SPT) through the  next 1 3  

feet ,  clean out the hole with a 4-7/8-inch tricone rock bit t o  the bottom of the 

SPT, and then repeat the procedure to total  depth. If significant debris remained 

in the hole af ter  the Pitcher barrel sampling, the hole was cleaned with the  rock- 

bit before conducting the  SPT. Where coarse gravel and cobbles prevented 

undisturbed sampling or meaningful drive testing, the rock bit was used to  

penetrate the coarse interval. Table B-2 summarizes the drilling and sampling 

performed. 

Details of the design and operation of the Pitcher barrel sampler are  

described in the  accompanying manufacturer's Zterature. Shelby tubes recovered 

were processed a s  follows: 

Excess drilling fluid and slough drained from top. 

Sample recovery measured. 

Ends of sample logged. 

Samples weighed. 

Spacer placed on top of sample and waxsealed. 

Plastic caps placed on ends of tubes. 

Caps sealed with tape and waxed. 

Sample identification marked on tube. 

Samples boxed and stored. 

In spite of the presence of some gravel in most of the materials sampled, the 

overall average Pitcher barrel sample recovery for each dam si te  was good to  very 

good a s  summarized in Table B-2. 

Standard penetration tests were conducted by driving the  thick-walled 

standard split spoon sampler with a 140-pound slide hammer falling freely through 

a distance of 30 inches. The number of hammer blows required t o  drive the 

sampler through three successive 6-inch intervals were recorded. The number of 

blows to  penetrate the last 1 2  inches is referred to as  the standard penetration 

resistance, NSTD. In some instances the sampler met refusal before being driven 

the  full 18 inches due to  the presence of gravel, cobbles, very hard soil or  rock. In 

these instances a minimum of 50 blows was applied to  the last 6-inch increment or  
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fraction thereof. Samples from the split spoon were logged and placed in labeled 

heavy-weight zip-lock plastic bags for storage. 

Details of materials encountered and data on the samples recovered a re  

recorded on the  Drilling and Sampling Logs accompanying this appendix. Results of 

SPT tests are  shown in Figures B-9 through B-21 of this appendix. 

In general, the field exploration program proceeded smoothly and, with the  

exception of Frog Hollow Dam, conditions encountered in the field were about a s  

anticipated from review of SCS files. Data on Frog Hollow dam available t o  ESA 

prior to  field exploration were incomplete, particularly in regard t o  the as-built 

configuration of the embankment, foundation (and old embankment) and location of 

the old and new service outlets. This situation resulted in siting boring FH-1 on the 

dam crest  very close to  or directly on the alignment of the old outlet  pipe. Severe 

drilling fluid loss occurred in this hole below a depth of approximately 50 fee t  and 

either a void or very soft, unrecoverable material was present from a depth of 50.5 

t o  54.8 feet. Two ecdditional borings were authorized by SCS and were drilled 6.5 

feet  on either side of FH-1. No fluid loss or voids were encountered in these holes. 

This condition is currently under review by SCS and i t  is ESA1s understanding tha t  

some additional exploration is planned. 
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Table  B-1 

Locations of Exploratory Boreholes 

@ o f f s e t  
(f t) 

Approx. Elevation 
(f t )  Dam - Boring Stat ion 

Green's Lake GL2-1 
No. 2 GL 2-2 

Green's Lake  GL3-1 
No. 3 GL3-2 

GL3-2A 

Green's Lake GL5-1 
No. 5 GL5-2 

Warner Draw W D-1 
W D-2 
W D-3 

Stucki  STK-1 
STK-2 
STK-3 

Gypsum Wash GW-1 
G W-1A 
G W-2 
G W-3 

Frog  Hollow FH-1 
FH-2 
F H-3 
FH-4 

Ivins IV-1 
Diversion IV-2 
No. 5 IV-3 

IV-4 
IV-5 

'arbitrary datum. 
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Table B-2 

Summary of Drilling and Sampling 

Average 
Recovery 
Percen t  

(Includes 
Embankment 

and Foundation) 
ADIRD' 
Footage 

# of 
Borings Dam - Total  Footage 

90.0 

# PB Samples 

22 

# SPTs 

Green's Lake  
No. 2 

Green's Lake 
No. 3 

Green's Lake 
No. 5 

Warner Draw 

S tucki 

Gypsum Wash 

Frog  Hollow 

Ivins Diversion 
No. 5 

TOTALS 

'AD - Auger drilling. 

RD - Rotary  drilling. 
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26-0 :=- 

-- 

38.0 17 fXrJ pa~?$ J % A ~ ;  
- - - t 

1rn& ~o!f1e 38-3 -- 

3s. ~ - A ~ o ' c r o  de , app  ruw. ii X- 7 a-o 7: - - - h o n c e n k l  0 .1  - 2 -- 
Jl 6H- 

+hick appat?n-/ i n  Wa*$lnf:: 
&c of q r c \ : ~ \ r t r e  ~ A c a ~ d a * ~ + ~  @/3 

7 r>ue( 
(94- 

40.3- 46.0~ p ~ d ~ r ~ ~ i ~ ~ * . l ~ L  42.9 -.- scI p m u z i i ~  
wy/~r.r n n  cly 

-- 
r r l A r b  d~ 

-h 

4 3.6 rfi 'Ad A , Y ? ~ K J I  pG-N :: . , 3 4  *w?eJ ~%'k56kle 
_&.a  7 - 1; c o 6 h / e  ti) Pm// ~ u I )  !! s4/4 S H E E T  2 O F  

- 
3 ' 



'ROJECT D / / & ~ ~ J h r n s  -uAh D A T E  DRILLED /?~3*,/:/8/ HOLE NO. 6 d Z - I  

D E P T H  I C L A S S .  I F I E L D  D E S C R I P T I O N  SAMPLE 

SR&O : (con !7L) 

R E M A R K S  

S H E E T  3 O F  3 



EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  L O G  

PROJECT &I/<. C L C B ~ ~ Z T - ~ ~ ~  D A T E  D R I L L E D  H O L E  NO. 6~-3-/ 
L O C A T I O N  <it!/ &&#1#3 8 & ~ 7 & .  //f w 4 GROUND SURFACE E L E V . - & d 7  V & ~ J  
D R I L L I N G  C O N T R A C T O R ~ ~ ~ ~ ~ ~ T ~ / ~ $ ~  Go. LOGGED B Y  M Y  D E P T H  TO GROUND  WATER^^^^ ~ c o r A c e d  

TYPE OF R I G ~ ~ I - / ~ ~ ~ / S W  HOLE DIAMETER 4 % " H A M M E S  WEIGHT AND  FALL^^ ld.,, 30 
SURFACE CONDIT'IONS drf r ) r l ~ ~ ~ ~ : p n f  . W E A T H E R . ~ & H  & =/P~A<, , r g n ~ G ~  a=., 

GOO/ 

D E P T H  

d. 0 

2- 0 

40 

d. 0 

8. o 

/d. 0 

12.0 

14. (3 

M e  0 

r8. 0 

Z0.O 

d.o- .~o  C ~ ~ V - . U L T :  dark - t P-1 
FY~Y~ 6 mfl Qo D q ~ j  j f ; ~  s :: 
BK-7 oh, /cw p / ~ ~ i ~ ,  m d -  p t k - :  
A ,  /OUJ * , q ~ n e r ~ ; s d A d  :.- 
do-/$%, pod rmCkd mot+ - :: 
Jc-v.f: pm;xPa(; +'a( '*fie IOU+ .5/4npi 

E-2 
g m d  S ~ Z Y T R  
Mac. A ~ c /  +Rur?~r * f i r&  

- 

4 nra A 4 n1.c ; B A / ~ . ~ R ~ x H ~ : :  
wpilf .  wfic. d t p x  : : I q  c-l 

.r 

I C L A S S .  F l  E L D  D E S C R l P T l  O N  

~ ~ & / " 1 6 &  F k L  

SLqPLE 

I 



P R O J E C T  c<r t b ~ r - ~ l A k  D A T E  D R I L L E D  H O L E  NO. dLSd/ - 

I 

M O D E  

- 

D E P T H  C L A S S .  F l  E L D  D E S C R l P T l  O N  SAMPLE 
I 

R E M A R K S  

- +' 

~ " d  XI6 do 49 A)*! f 
* = S / d -  I Z O Z -  
o+= /8/6- d'%or. 

20.0 :: 
m. -. - 
-. 
I: -. 

22-0 -- -. -. 8 - 1 0  

2 
0 ' )  -. 
?.# 1. A:, 
rr-7 1: 

-. -. -- -. 
-. 

-. 
24-0  1: 7 ,  

- {ntrte cm jop) 
b - 

38.0 --r - - - -- 

z SHEETZ O F  - 

/a 

-. -. 
RPd -. 

we 5 / 6 -  (IE 02- 
-1 A?&. J / s ' % ~ o ~ .  

-. - - -. - - 
a. 

-. - . 
76.0 7r 

-- 

C - 

-- - 
9 4  

sm-a 1: 

"&. 
- 

28.0 77 
1: 

:1/0/ac ~d.5 7A.r 
- 

CW-  7 :: 

27.7-39.5 ~ , L T ~ C H & O  : dk. -1 5-5 

- - 
pe-711 

!! %J 6 M .  / / % / ~ o L .  
f 4' i34. /4  % o x .  

-- -- - - -. 
30.0 7- -- - 

4- 

4- 

- - 
32.0 -- 

-- 

3 4 . 0  -- 

-- - 
36.0 y- 

L - - -- 

yP7-/0 :: 
L tl/a.< / ~ / O - S  /dxs - - 

pp- p i i e d k 4 e  rhpA+ &*I - - CU! = 616. 1( % 02. - 

~ ~ L u ~ < ' I . s M c $ ~ )  w / ~ d J ~ d k o - i .  ?. 
wder ,  a r y  f7nt.c D a y ,  ? a - a  %> 

z8 

:: 

vL /a. / /a or. - 

v . / ~ ~ - f i c A - ~ / o ~ : ~ ;  nlod. p r c ~  
d;/&n c y ,  I J ~ ,  -,i 3 uprrq rr - a ~d 
do-aa )/q, p o o J y $ 9 4 2 d  v-<-F- 

m;ncd, ~ ~ ~ + r ~ ~ i  c .-N.. - iggflf; 

L C e  ht;G+ X=&@J d-c-71ad$i 
s f m f l ~  &ac. r / c /  ~hmmop4 oil ;YY& 
ad(y e~:c(. /d C Q O . ~ ~  zdn'3 J a%. 

ii R-Q 

z c  

:I 
denre; v - ~ / ; ~ h f l -  .moisf. / - 

r g .  9 -27- 3' AM o f  c w f ~ r  
*,ld w/;o.n? f l  f : m u ~ 4  ~9 : -  
~ / - & c Q v ~  c?) ~ l f i f /  ~ 0 n d T J  

'3 5-6 
!I 

f ~3-/3 
77.5- ro .  4' a 7% ;F-lf #)\o F" l 

-. 
&'fl .f O P  JQ& Cd enp1 1 1  

p / ~ ~ r  A CL-NL I: 

a - 4 - 3 1 s ' ~ d n - t p t  c h a ~ m (  -=1 
F'D-~J -. -. -. 

_I 

H-/4 
26 

c-7 

34-0 ' r a f k ~ d  C. a,d,x7 ad1 
st. i / ;d  04 ps-8 

Z c-/$ 
a- -- 
-- 2 7  -- 

" 5-8 



EARTH SCIENCES A S S O C I  ATES 
DRILLING AND S A M P L I N G  L O G  

PROJECT &//8; ~ C ~ & W  -044 DATE DRILLED H $ / ~ / / B /  HOLE NO. e3-2 
L O C A T I O N ~ , J J * ~ A  Ae ~ t r m # 3 ,  y~l6.7+4~;d'cl/S GROUND SURFACE ELEV .  "~4353'~rQ~-)  
D R I L L I N G  C ~ N T R A C T O  R ~ ~ U W D ~ ~ ?  L GG D BY dMY DEPTH TO GROUND WATER&& &'& '' HAMMER WEIGHT AND FALL /b0 /Q. a " TYPE OF  RIG^^^^^^^ HOLE DIAMETER 4 
SURFACE CONDIT'IONS ~ N X A ~  WEATHER .fco&f%QdcjhA2 cda* 

DEPTH F I  E'LD D E S C R I P T I  O N  SAMPLE CLASS. 

- - NL 

-- 

- 
-- M1-4 

- - 
SM 
?' -- m 4  Zbbbobb'l 

- - 

-- 

-- 

-- 

- - 

-- 

-- 

-- 

- - 

- 

-- 

-- 

-- 

cL- 
NL 
+o 
A- 





PROJECT C ) N ~ , ,  SGC A W - U ~  O A T E  DRILLED 1?4/8/ HOLE NO. 6 d 3 - 2  



EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  L O G  

SAMPLE 

I 

F I  E'LD D E S C R I P T I O N  D E P T H  C L A S S .  

dnn///;lp +p 3: 7s 
A ' 4  ~ a o l  

sbphfi9 & ~ N C I /  -- 
-- 

-- 
- - 

-- 

d~?~/fr\ ~ n w X /  nd~63/  
@ %z-8 

i..rni&& A.5 
1: qf.30 C/Pd 

-. -- 
L. . . 
-- 
-. - - - - -. 

S'HEET / OF 

MODE 

d- O 

- - 

2-0 y- 

I: - - 

4-0 IF 
- - 

6-0 yr 

- - 

R E M A R K S  

d& : n e  /cp o f  6L33 6~ i: 
dpJG,-jpA~d a f o n l + ~  :: 
Jmm ~ .o -B .c I '  -- 

- - 

-- 

- - 
. . -- 

- - 

8-0 {I 
-- 

A3.0 -1 

- - 

--- 

b e .  -.r 

f8- o 

. . 

-- 
d 

SC 

-- 
A. 

I mder 26 40- ::2--%&C fiflps w/rom$j 
y4-K " J " u ~ /  

e 47-3 
&Ci  @ &14.sf * 

-- 

-- 

-- 
I: -- 

- - 



EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  L O G  

PROJECTD//< <C~DG?~S-&L  D A T E  DRILLED ?/*/%I HOLE NO. G t 5 - 1  
LOCATION dh-# &am # ~ @ * & . / ~ z ? & ~ ; c Q ~ ~ ~ c c ; . / u  GROUND SURFACE E L E V . ~ ~ ~ O  c h , ~ o . )  

DRILL ,  N G  C O N T R A C T O R ~ ~ ~ & D ~ ~ / ~ ~  GO L O G G E D  BY  MY D E P T H  TO GROUND WATER q ~ f  9nwmb1~d 
OF R I G G / ~ ~ , ~  /SJO HOLE DIAMETER 4 3i/B I - IAMME~~  WEIGHT AND FALLIW.: 30 

r/ 

SURFACE C O N D I T I O N S  ~ ~ d ~ n k r n p n e  W E A T H E R  ~~4A/e4d < / ~ u d ~ ,  C O O /  

F I E L D  D E S C R I P T I O N  R E M A R K S  

SHEET O F  2 



ROJECT D / / B  -SGC &7'?~ D A T E  DRILLED yhm/B/ H O L E  NO. 6 ~ s - I  - .  
- 

D E P T H  1 CLISS. ] F I E L D  D E S C R I P T I O N  I SAMPLE 

we = S / 6 .  M&or- 
Wf = (7 45 &I& o z .  

2 h "&r2// C h f  /;7 
ode 

a c ~ t ; ~  wa k r ; m i x  
( a s a c k ~  mud 

, I, 

0.6 

= S H E E T  2 O F  2 
T 



EARTH S C I E N C E S  A S S O C I  A T E S  
DRILLING AND S A M P L I N G  L O G  

P R O J E C T B / / ~ ~ C S & M - ~ A ~  D A T E D R I L L E D Y ~ - / ~ / / / M  H O L E N O . 6 L s - 2  

L ~ C A T I O N ~ ~ M M  I Q e h  #2 GP 4156. ~73;. ~ ' k  GROUND SURFACE E L E V . Q ~ ~ - )  

D R I L L I N G  C O N T R A C T O R A & ~ W ~ ~ % ~  60- L GGED BY DEPTH TO GROUND  WATER^/^@@^^^ 
HAMMER WEIGHT AND FALL / & / b a n  

// 
TYPE OF RIG&/& /WHOLE D I A M E T ~ R  4 
SURFACE CONDIT ~ O N S  ~ 6 J ~ c n f  6 - h d  &IW 

D E P T H  CLASS.  F l  E L D  D E S C R l P T l  O N  SAMPLE MODE R E M A R K S  

S~T-/ :;&md sAn l a r d  q f t ' f w c q  ' 

-- 





EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT o//~-czTo~~~I~. o L A  D A T E  DRILLED /9/4/8/ HOLE NO.%-) 

L O C A T I O N  dL)?114~r dm61 fl0371 . *.<A. /5+~3 04 d; GROUND SURFACE E L E V . ~ ~ ~ ~  ( *a 
6 

I DRILL1 NG CONTRACTOR ~i(c/P~~n'//~n/,cn. LoGG D BY n/dV DEPTH TO GROUND WP;IERI:~; r^iLwe$:~J 
r" 

TYPE OF R I G T : ~ I / , ~ I . ~ ~ O H O L E  D I A M E T E " ~  MER WEIGHT AND FALL ~2 t /  

SURFACE CONDITI'ONS - .wCbP~np~  WEATHER d - + ~ 7 . ~ ~ ~ ~ ~ ~ ~  

R E M A R K S  



/ H O L E  NO. u&-/ - 
7 

MODE R E M A R K S  D E P T H  I C L G S .  I F I E L D  D E S C R I P T I O N  I S W R E  

end 6 9  A4 ask-  1- ~ c u e = s / ~ . ( 4 ~ ~ o r -  I 1 







EARTH S C I E N C E S  A S S O C I  A T E S  
DRILLING AND S A M P L I N G  LOG 

P R O J E C T  DI/B--~czL%!~~s,, 07dk D A T E  DRILLED /?/?/a/ HOLE NO. L"Q-Z 
L O C A T I O N  W d r n ~ r d m t d  ,?CIM~ - 17.+4? on GROUND SURFACE ELEV.-Z~JBP (4;d) 
DRILL1 NG C O N T R A C T O ~ ~ ~ ~ ~ ~ ~ ~ / ~ ~ ~ ?  fa. LOGGED BY-DEPTH TO GROUND W A T E R ~ ~ ~ ~ ~ ~ J ~ ~ H  d 
TYPE OF RIG At./,& 1 ~ 0 6  HOLE DIAME:ER 4-3% " HAMMER WEIGHT AND FALL I@/&,, 30 ' 
SURFACE C O N D I T ~ O N S  c ~ d  oCm& ~NI~OA/W?CI'S,, co&/d W E A T H E R  L/FQ?. c * / Q ~  

/ 

DEPTH I CLASS.  I F I  E'LD D E S C R I P T I O N  SAMPLE 

w e =  s/& / Z O Z -  

SHEET / O F  4 
41 



b R O ~ E C ~  -8118 -~CI&MC OAX D A T E  DRILLED /q/T/d)/ HOLE NO. u D - 2  

D E P T H  CLASS.  

20-0 :: -- SC- -. -- sr] 

22- 0 -- -. 

-- 

- - 

26.0 -1 

-- 

-. 

SC 

-- 

32- 0 -rr 

-- 

340 " 
-- - - - 

36-0 {: 

-- 

38.0 O,r 

-- 

42.0 O" 
* 

4d. n 

F I E L D  D E S C R I P T I O N  1 SAMPLE 

r7b . r  3JJar 24.t 
S H E E T  O F  4 



PROJECTDIM- ~ a d a a , ~  of44 D A T E  DRILLED HOLE NO. u d - 2  

D E P T H  I CLASS. I F I E L D  D E S C R I P T I O N  1 SAMRE 

Rty , 
ps-~,~mddfh.be  - at- 

ue J/6. /$E oc. - - - up f i q O +  16 w ~44 

'2;: 
ser~:? 3 % ~  36 0 , s  33 -b k 4 :sCicshe64$ @PI$ @a - "TC7 . ; m d ~  - ga e l )  

a&& & t ; . ~ o a  
- - we 5-16, 14 & 0 2 .  - 

2- C# --y W&2//6. tz2& ,- 
dr:: 

SfT-fli: '9h-c ~~h.5- Qo/,.c 
r(~a@(q - ZO-BOV'~)  
- 

p B - i 3 5 d 6 f  kk, 1/14 o uor 



PROJECT /)118 -(c:; /)().fI1r;. () -Ia A 
r 

DATE DRILLED lob/rfl 
I I 

HOLE NO. «){)-z 

DEPTH CLASS. FI ELD DESCRIPTION SAMPLE MODE REMARKS 

&;J. (!) 

1;;l.b 
67.5~ 1"'/0.8 "'5:lcXJ7"O/<i c/cc.lfttSlJJ)(;. 

Pll-16 ~"J ol~~dMJ up (cot1 'f.) . . 
:-..~ dt:rn~ ro of. ?v;l.Y, (SY4/~.s-P4Iz)) -- GJ.k ~ S/~. 1:r'l4oz. 
~~ clq'fs i1 e. wi slI~h;t/ cr:j t S"-16 ':2s- wf z:. 1411. 4* a~. t-! .)~ 

70.0 - - ~! '}; f7-rS"t'/t'fy AqS .rollJ~W 0.; - - -
11 IJ ~/.),J;<' 0 /01*/ ~t'll c;a co? ve,'~ 

SO/a? o"i~~ Aar . .::.r !"IfN./nc CvjlO/l.j! 
B~Z.a 5PT-IR 

-- Phi Colt J,-""~/lrrdi ;':-lacltJ~ I ~r.J ~X- (dt1()ft-~1 ;/1 too 1:) 
--Ho.c-A;~I au... ft'1Af . low f,~rJr~5:SJ' 'a.S 7.Rr~/1'(J. ~i AI) b ~ 70·9 ' 

7Z 0 - - W f.laf\ • /'/la::!.. M ~ ~~ d· - -: - 3: MJI' 6vj,,·c/:: ""f 
~o. 5"-70. 3(7:~~ef' ~ 0 0 y~, ,-v -f .. ~f J.~")"cI 

ho. rdt r s/f(~ 11-e./..r.A(x'/e - eactfi~ d A~J.t. IJ.). <:'rJl/r'l-,!. 
~...,d J11"d 

- - 8.1/. ~ 70.8" -- - f-

-- - - .... 

. 
- - - - - -

-- -- -

- - - - - -

- - - --

- - - - - --

- - -- --

- - - - - -

- I- -- -I-
. 

- I- - - - ..... 

- -- - .... 

- - - - - f-

- -- --

- - - - - -

-- -- - -

- - - - - -

-I- -- -.... 

SHEETLoFL 
- -



EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

D A T E  DRILLED J O ~ < ~ /  HOLE NO. ~ / n - $  
L O C A T I O N  I t-rornmrr)hom, *~l/ln. L5-f- zLI :ROUND SURFACE ELEV.--) 

)R ILL ING $NTRACTORAYCA/&~'//;.~~.? h LO 9 GEO BY  MY DEPTH TO GROUND WATER d~fi-"i-hiid 
TYPE OF RIG-HOLE DIAME~ER 4% ' HAMMER WEIGHT AND FALL- 

// 

SURFACE CONDITIONS./-P- &ufi.rCxrn + ~ - - d r  -lr; 6*~rj l [ /  WEATHER c l m ~ ,  u a r m  . M / * H ~ J  

DEPTH 



EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

I 

D E P T H  C L A S S .  F I  E'LD D E S C R I P T I O N  SAMPLE M O D E  R E M A R K S  6/ws 
'd 
--.-- 

3 FS. 
~:AvI w / d N f i ? ~ f  aqer 

-. 

-- 

- - 



DROJECT D / / B - - S C S O Q ~ ~  A <AX D A T E  DRILLED /a,/& Y/B/ HOLE NO. -6-/ 

D E P T H  I C L A S S .  1' F l  E L D  D E S C R l P T l  O N  

/ 
2~o-32 . ~ ~ p a & r ~ - h + / ' Y /  -- 
f i g  p d ~ c  7 G e - i  ' - -. 

I 22<, Y = =t- 6z 16. 
S H E E T  7 OF 4 



4 HOLE NO. 





EARTH SCIENCES A S S O C I  ATES 
DRILLING AND SAMPLING LOG 

PROJECT ~ / / A , s c  / ) q > 1 1 ~  D A T E  D R I L L E D  /y/*i/O/B/ H O L E  NO. STk-2 
L O C A T I  o N ~ A C ~ , - L ~ / Y I ;  &&. /7+B$on d 

f 
GROUND S U R F A C E  ELEV.  ~ 7 8 / 4  'c@) 

DRILL1  NG  CONTRACTOR%$^^^*^/^^^, G - LOGGED BY &fY DEPTH TO GROUND  WATER^^^^^&^^ 
0% HAMMER WEIGHT AND FALL /&/6-,, 39 

P ~ & ~ ~ ~ ~ ~ ~ ; ! ~ ; ~ ~ > ~ . ~ ! ~ J ~ ~ ~ ~ ~ ~ x / w E A T H E R  Wffl 

26. s- 4. L- z 2 / 0 .  s- 
23 

S H E E T  / O F  3 

D E P T H  I c L A s s .  I FIE'LD D E S C R I P T I O N  SAMPLE 



- HOLE NO. rk-2 PROJECT ~~~~ s - r  



~ R O J E C T ~ / / ~ ~ ~ ~ C S ~ O ~ ~ ~  D A T E  DRILLED l5/~-/9/9/ H O L E  NO. Srk-? 

D E P T H  I C L A S S .  I F l  E L D  D E S C R l P T l  O N  

do. o 

1 SHEET 



EARTH SCIENCES A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT -SGS h m ~ .  d>6X D A T E  DRISLED HOLE NO. -93 
LOCATION ~ c ~ ~ J Q N ) ~ ~ J A . .  /~f7?; 97 d k  
DRILLING C O N T R A C T O R ~ ~ ~ ! H / I : A ?  L GGED 

HOLE DIAMETER 4 HAMMER WEIGHT AND FALL/& /d - .  30 
4ar-L - = c ~ O Y ~ I J & M  7 6 %  WEATHER c k r ,  W G ~ M  

D E P T H  C L A S S .  FIE'LD D E S C R I P T I O N  SAMPLE 



? R O J E C T  . / ) / / ~ - ~ G S ) Q %  07dX DATE DRILLED. /dh4/a/ _ t i  0 L E N 0. s7k-3 

DEP,TH I C L A S S .  I F I E L D  D E S C R I P T I O N  SAMPLE 



HOLE NO. s'rk-3 

3 7+frr\::,,::Ok hu 6 p S(.S-' 
whuj%' d o  &, 
did n a 7 F  e q a d  ~ + r  

-. 
'I- -. -. -- 
-. -. 
-- 
-. 
-- 
-. 
-- -. 

4 - 
-- 

l- 

3 S H E E T  t? O F  



EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  L O G  





EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT ~ / / A - S C Z & ~ ~ U & ~  D A T E  DRILLED /?h</8/ HOLE NO. ~Y&/A 
L O C A T I O N  .GV;.V)M U I U ~ ~  ? a ~ ;  u~h.  33+~5 n~ b; GROUND SURFACE ELEV .  2.40 ' c ~ , A )  
D R I L L ,  NG CATRACTOR W ~ h r  l ) n W ~ ~  CO. L GGED BY DEPTH TO GROUND WATER ~o$++no4%cf 
TYPE OF R I G ~ ~ , ~ / / ' / ; Q / < ~ o  HOLE D IAMETER 4 

/ 
d '' HAMMER WEIGHT AND FALL 140 16- .a 

SURFACE C O N D I T I O N S  ~ Z R ~ J  OC ft;l-fi e r n d ~ n  k WPH# -WEATHER 6 ~ 4 ~  ~ ~ / f i & .  r(*1~% 06&+, 
c03/  " 

I 

SAMPLE F I  E'LD D E S C R I P T I  O N  

7 

D E P T H  C L A S S .  MODE 

- 

R E M A R K S  

u 

AD - 
a0 

- - 
-. -. 

7.0 -r- 

- - -. 
-, 

4- 0 -rl 

6-0 11 
- - 

P.0 

-- 

lo- o 

- - 

1z.o 7,  

-- 

:: 
:"I9. +''fi2)4+ eyer 
- 
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EARTH S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

P R ~ J E C T ~ ~ / ; ~ ~ ~ ~  8dfl.i~~. { )&A  DATE DRILLED [d1/h/ 
' / 

HOLE NO. 6 y p x  . 
L O C A T I O N  ~ I I ~ T . ) : ; '  llh-3 /Inti? . 10?~/: ~f.9~0L.S GROUND S U R F A C E  E L E V .  

I I 
A-' 2 72 s.?Ao.) 

7 !  
DRILL1 NG C O N T R A C T O R @ 7 ; ' 3 r h n ' / ~ ~ i J I  C o .  LOGGED BY hMY DEPTH TO GROUND WATERHl/+'if;lb-T-hd 
TYPE OF R I G F ; ; ~ ~ ?  /-HOLE DIAME{ER 4% ' HAMMER WEIGHT AND 

/ 

/ 
SURFACE CONDIT I O N S  /OOP d~hr': &?;,A cdho~tq~12: dU?n/ WEATHER ~ 6 2 3 / . :  

/ 



' R O J E C T  b1/8-5:~ ~ M S ,  &A D A T E  DRILLED / ~ / N / B /  ; I H O L E  NO. 6- 



E A R T H  S C I E N C E S  A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT . O / / ~ - C C Z O U M ~ ,  o X 1 A  D A T E  DRILLED /0///8/ HOLE NO. 4%)-3 
L O C A T I O N ~ ~ J ~ I M  W W ~  bum .?A. 24 t8.3 on @ &OUND S U R F A C E  E L E V . ~ ~ ~ ~ ' C ~ S ? ~ )  
D R I L C I  N G  C O ~ N T R A C T O R R A L P ~ L Z ~ P ~  CO. LOGGED BY 6MY DEPTH TO GROUND W A T E R ~ J ~ * ~ C ~ M A &  

TYPE OF R I G  G ? * r c r  / .~OQHOLE D I A M E ~ E R  4 - 4  HAMMER WEIGHT AND FALL 16. ., .W ' 
SURFACE C0NDIT:ONS </?I/ 2 +&?hmk w2r.A W E A T H E R  d m ~ .  ,h 

// 

D E P T H  CLASS. 

0- f3 :: w 
- - 

7- 0 -- 
kc;' 

- - 

4-0 +L 

SCd 

- - 61 - 
CHJ 

8-0 +- <c- 

-- 

10-0 -- 

- .. 
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-- 
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- - 
-, 

16.0 <- 
-- 
-, 

18. o L*- G 
-. -. - -- sc 
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F I  E'LD D E S C R I P T I O N  SAMPLE 
N 

MODE R E M A R K S  b / ~  s 

sPT-1 : ~ ~ ~ m @ ~ & d ~ r d ~ / I Y ~ p o o n  
7T 

/-xr: :I J ~ / O . S Z ? / . ~ -  3*. r sp 
l I ~ u p r  u//d"%kf aqer 

A0 - .  



PROJECT d / ~ R - - ~ c ~ h m . r .  fl A k . D A T E  DRILLED HOLE NO. 6YP-3  



EARTH S C I E N C E S  A S S O C I  A T E S  
DRILLING AND S A M P L I N G  L O G  

PROJECT SCc &Q - 6 0764 D A T E  DRILLED /q//2-/~/8/ HOLE NO. FH-1 
LOCATIONFWJA~~/&(J)AM. a~h.  //426 04 4 GROUND S U R F A C E  ELEV.'"NP ' *cAP.) 

~'ALW t r l f ; f i o  Cd. L O ~ F E D  BY AMY DEPTH TO GROUND W A T E R & ! ; Q ~  DRILLING CONTRACTOR*  / 
TYPE OF R I G & ~ / ~ ~ ~ / c Q O  HOLE D I A M E T E ~  4% HAMMER WEIGHT AND FALL I".. a FA. 
SURFACE C O N D I T I O N S  Ah n f  emdonkmwf  W E A T H E R  CAQ r, am//. 6 / 4 ~ t l j  

I D E P T H  1 CLASS. I F I  E'LD D E S C R I P T I O N  SAMPLE 

0.0-LO C L ~ ~ - ~ , L T . -  ~ J d c & /  P+I 
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S EET  OF 



PROJECT D/@-scZ. &fi, LN&h . D A T E  DRILLED CO/IC-/~/8/ HOLE NO. Fh/-/ 
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f i n e  c3#-~4;le.  ~ ; / z - c = k z  el. -. 
dofin m o n  we, g b  AqYd):: 
~ / t p v / y  A O ~  22 MO;J+. :: -. -- -. -. -. -. 

7 

ad& 

se? 
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S H E E T  O F  3 

DEP,TH 
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MODE 

~ - / z  I: 

C L A S S .  F l  E L D  D E S C R l P T l  ON SAMPLE . 
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EARTH S C I E N C E S  A S S O C I  A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT o//a. SCc /)GWI$ 0 ~ 6 4  D A T E  DRILLED /@/A'/ HOLE NO. Kd-2 
L O C A T I O N F ~ ' ~ ~ / / O W ~ ~ M ~ ,  N C ~ .  /O fR,, /dd'CJ,k / cR0UNDJSURFACE €LEV.*  @y'*~h~O) 
DRILL ING C O & R A C T O R R ~ ~ P ~ D ~ ' / / / . / / . * ~ C O ~  LOGGED BY M y  - DEPTH TO GROUND W A T E R / ~ O # F A C O U A & ~ ~  

TYPE OF R I G ~ ~ ~ R , ?  /COO HOLE DIAMETER 4% " HAMMER WEIGHT AND FALL  146 / A ,  30 
SURFACE C O N D I T I O N S ,  &re .n&fi~n4 ;A U S P - ; ~  WEATHER ,BO Ay 
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F I  E'LD D E S C R I P T I O N  SAMPLE 
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PROJECT DI/A)-SCS D a q ,  D A T E  DRILLED /?/fq HOLE NO. FH-2 
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EARTH SCIENCES A S S O C I A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT d / / ~ - ~ ~ r / ) a m . c  { / & A  D A T E  DRILLED 18,k418/ HOLE NO. FH-3 
L O C A T I O N F ~ ~ % / A W  USA.  //+I? OA 6 GROU'ND SURFACE E L E V . ~  /~'*c+I!P~.) 
DRILLING C O & R A C T O R ~ ~ ~ ~ ~ @ B ) ~ ~ ~ ~ ~  CQ. L O ~ E D  BY UMY DEPTH TO GROUND WATER/,&G~ 

TYPE OF R I G A ~ ~ ~ O  / a ~ ~ ~ ~ ~  DIAMETER 4 %f HAMMER WEIGHT AND FALL 140 16. . 30 ' 
SURFACE CONDIT IONS 9 o f  ~ m d a & ~ e d C  WEATHER.  &ar. &a:/ 

SAMPLE D E P T H  

~ . ~ / P ~ ~ $ j r s t M p p  
fiat m ~ d  and 

CL 



PROJECT D / / B - s ~ ~ s ~ H , ,  D A T E  DRILLED lC?k?/a/ HOLE No. -3 

F l  E L D  D E S C R l P T l  ON R E M A R K S  

SHEET 2 O F  



=ROJECT @ / / ~ - S C S D Q W . ~ &  D A T E  DRILLED /uh4/&/ HOLE NO. FH-3 

DEPTH I C L A S S .  I F I E L D  D E S C R I P T I O N  1 SAMWE 

r-'f /" <~;;uI~CIYIIT/ 8A.s 4 5  Mi? /3/0..5 %-I") *$- 

- A /  
blms 
5% MODE R E M A R K S  



EARTH SCIENCES A S S O C I  ATES 
DRILLING AND S A M P L I N G  LOG 

PROJECT D / / ~ - S C S  8 3 4 ~  D A T E  DRILLED HOLE NO. Fd-4 
LOCATION Fkbh6//0~ br-l#!. ~ ~ 7 6 .  //$33 & GROUND SURFACE E L E V .  (19 '* 0 6 ~ 6  
D R I L L I N G c o N ~ R A c T o R ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  L O G 9 F D B Y  JWY D E P T H T O G R O U N O W A T E R A ~ ~ C ~ C ~ ~ ~ ~  

TYPE OF R I G / S ; ~ Q ~ ~ ~  HOLE DIAMETER L3) 78 HAMMER WEIGHT AND FALL /& 16. .; B /I 

SURFACE C O N D I T I O N S - +  o f  +ur% er*tka~rtrt l+df WEATHER &&ar. cod/ 

DEPTH CL F I E - L D  D E S C R I P T I O N  

? - ~ ' ~ l o u ? /  c/arf, rtd7~3?r 
f fi*fA, K !:smd u/Hfad 

c a ~  son rl C M Y \ O ~  



PROJECT ~/@-XCY&~C, v A ~  DATEDRILLED &,/*[/P/ HOLE NO. F H - ~  .. 

F I E L D  D E S C R I P T I O N  SAMPLE R E M A R K S  

S H E E T  2 O F  3 



~ R O J E C T  SdS u&A D A T E  DRILLED / d / 1 4 / 6 /  HOLE NO. FH-4 

DEP.TH I CLASS.  I F l  E L D  D E S C R l P T l  O N  1 SAMRE 

/ 

4 0 SABQ Y cZAY-JILT : ii 
-- CL- df&;&J drcophavl -for 

ML =I a,J F#-3 /A s/ T q>AJ a f 1; M ~ N  IJ ~ / / & a /  oahb @/ - - 
If 4 z d - 4 $ j e ~  '91 da.'fi f :: -- 74d/59jt~ 7% fn%Kd y- 

3/4-1 :: s-2 
-- 

+.a S / ~ p P ~ ~ ~ ~ & 4  6 - d - F  ii 
~ p d d ~ r / b g c  r 0 r dw?) -. -- f i ~ ' ~ 6 ~ ~ ~ ~ ~  A 7- 
4 QW JSYR J/Q); LJ 

-- bd;LFc# odd *p m o d r  I: 
76 Y %J/AO 76 cb?tlQlf: cf' a > s C S ~ 3 a m /  1: 9 H  Ih9 p -- 

&l~-&-J-- 0 .J/Z ?@ " h , h / f T  
dbc4-j- s d , ~  pak-bm\ :: 5-3 -- / # e / v ~ i o f i ~  fo j/$fN '4 -- 
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M O D E  R E M A R K S  

3 S H E E T  3 O F  



EARTH SCIENCES A S S O C I  A T E S  
D R I L L I N G  AND S A M P L I N G  L O G  

P R ~ J E C T ~ / / ~ - C C T ~ O ~ ~ ; . O + ~ X  D A T E D R I L L E D  l?//<-d#/ HOLE No. ~ ~ - 1  
LO c A T  I 0 N O ~ U B ~ J I > A  Odtn * S J  4 &. 12448 sn 4 G OUND SURFACE E L E V . - X /  

D R I L L I  N G  C O N T R A C T O R ~ ~ ~ ~ ~ ~ F ~ ~ ' / / ~ ~ ~ + L ~ G G E D  BY OM DEPTH TO GROUND W A T E R M ~ ~ ~ ( C " J  

TYPE OF ~~~G;rri/,in HOLE DIAMETER 4% HAMMER WEIGHT AND FALL 140 &., 30 " 
SURFACE CONDI;IONS A,A Xd,;/ em&ntn,enS W E A T H E R  mrW- chud~, .  a o /  

F I  E'LD D E S C R I P T I O N  SAMPLE 

gM0.4 f J kb-mJ;r FILL I 



PROJECT h / / 8 - ~ ~ r D a m r .  d a A  D A T E  DRILLED Z?A'S:I~/ HOLE NO. zV-/ 

D E P T H  C L A S S .  F l  E L D  D E S C R I P T I O N  



EARTH S C I E N C E S  A S S O C I  ATES 
DRILLING AND S A M P L I N G  LOG 

PROJECT &/~-scc&?M.~, [doh D A T E  DRILLED e/f~-/b/P/ HOLE NO. zM 
L O C A T I O N Q ? U ? ~ ~ ~  l h ~  #,I_ ZO~LOO on 4 CROUN/D S U R F A C E  E L E V . ~ ~ / @ ~  

TYPE OF R I G ~ F / ~ c ? ~ ~ ~ o  HOLE D I A M E T ~ R  4% '' HAMMER WEIGHT AND FALL /& /b- . 30 
DRILL ING ~ O N T R A ~ T ~ R ~ ~ A P ~ P ~ ~ ~ ~ ~ ~ ~ ~ ~  LOGGED BY DM Y DEPTH TO GROUND 

SURFACE C O N D I T I O N S  760 O f  d r f  Q ~ & ) M ~ ~ M ? A +  WEATHER s m 4 ~ f i A  u l o d d r .  C U D /  

A/ 
d3~*1. 

fr! 
33 

D E P T H  SAMPLE 

- - 

- - 

6-0 11 
- - 

8- 6 -I:, 

C L A S S .  

-pB.t : : e d  09 70& 0-k- 
-- &. - - e = 5- 67/h 

L, 5-1 q-= &.7z 2 
-% 

to-0 --, F 
, , , , / , M / C O L L O V / ~ ~ ~  c?) I. 
- 

/ 
-- 

5~ w e d , \ ~ ~  &fire A /$erne. 
PG*3 ::curd UP 764~ 0.k .  

d-2 

s p r s : : a . s  ?h-s- zo 
B-6 (c  ~ I C P  504 d &I /rc/0) 

J-3 

R-7 Z 4s:: S M E T  O F  

M O D E  

.. E-4 

F I  E'LD D E S C R I P T I O N  

*< - li zbm-'.r zd/as .r (+lola r#d.yavl 

R E M A R K S  

CPF l : z ~ f ~ 1 4 ; t J k  blbW 
:: 0-/ 

~ . O - ~ . S ~ ~ A L & Y ~ / L T & - ~ / L ~ ~ ~  

0- 0 

- - 

2 - 0  -- 

firnut ~ l b f i i a ,  ' 9 4  ;-WOO// 

.j?~.co/bd~ War M L- 
 SF.^ 

0 

;; 
[0/4-~4/td CAI;~+ @ g: 

AS 
&: 

- ~ h . - - r : ~ Z z f b . ~ - . ? / / 0 . ~ 3 t / o  
::<SCCI*NJ ~/fJif.%&f- 



PROJECT <cC Dam, &d D A T E  DRILLED 10,//6=-f6,!8/ HOLE NO. ZV-Z 



EARTH S C I E N C E S  A S S O C I  A T E S  
DRILLING AND S A M P L I N G  LOG 

PROJECT ~ / /R -~ccQd~~ ,U fbk  D A T E D R I L L E D  /uh,/8/ HOLE NO. ZV-3 
L O C A T I O N D T U C ~ S / M ~ ~ ~  #<.-I&. 36f f /  GROUND S U R F A C E  ELEV .  *2/89 'd&,m.) 
DRILLING CONTRACTOR ~l'hiWh~/b')) Go- LOG9FD BY AMY DEPTH TO GROUND WATER f l o { ~ ~ r k &  c 
TYPE OF R I G  6if:f:flP/.t~~ HOLE DIAMETER 4% HAMMER WEIGHT AND FAL 

SURFACE C O N D I T I O N S  +a of dd-f ~ ~ 6 l n k $ ~ r d -  - W E A T H E R p 3 h  

D E P T H  I C L A s s .  I F I  E'LD D E S C R I P T I O N  SAMPLE 



EARTH SCIENCES A S S O C I  ATES 
DRILLING AND S A M P L I N G  LOG 

PROJECT h 1 / 8 - a & ~ - f i  dh4 D A T E  DRILLED f 0 / / 4 / 8 /  

LOCATION D / ' ~ t f ~ i h ~  Oam 7~5, y ~ f a .  /P+C, 
DRILL ING C O N T R A C T O R  fi%h~rD~//?~f 6 - LOGGED 
TYPE OF R I G F ; ~ ; ~ ~ : ~ P / ~ ~ O  HOLE DIAMETER 4 % HAMMER WEIGHT AND FALL 140 /&.,, ~ f i  rr 

- 

SURFACE CONDIT IONS /OCLR d6r-r~ b T / n  &~ i4 r  WE AT HE R s~a#~m-.A 6 h u h  cao/ 

D E P T H  I CLASS.  I F I  E'LD D E S C R I P T I O N  SAMPLE 



DATE DRILLED ~?bd,/@/ HOLE NO. Z-v-g 



EARTH SCIENCES A S S O C I  A T E S  
DRILLING AND S A M P L I N G  L O G  

PROJECT D / / ~ - . ~ C C  h a 3  d ah D A T E  DRILLED iq//$/&/ HOLE NO. x u 4 5  
L O C A T I O N  & u M / B ~ ~  b n ~  #r @ $A. Z O ~ O Z : ~ ~ ' ~ , / S  Y GROUND S U R F A C E  ELEV."?(~~%A,DO.) 
D R I L L I N G  C O N T R A C T O R B ~ ~ ? ~ D Q ' ~ / : ~ ~ ~  <a- LOGGED BY &MY DEPTH TO GROUND W A T E R ~ O ~ ~ A C E ~ ~ ~ & ~  

TYPE OF R I G ~ & P Q / ~ S ~ ~  HOLE DIAMETER d7/8 " HAMMER WEIGHT AND FALL I& Ib // 

SURFACE CONDI;IONSJ;~% d c c t r  ~ r l  d; hr(~rLo 
1 WEATHER SC&dG/n&,';O2ae4 ~ u ~ ) " c u {  /f- 1k o W C r  

D E P T H  CLASS. 

8.0 CN- 
- - ML 

2-0 {I 
- - 

4-0 I; 
r 

- 

sP, 
srl 

- - 

8 - 0  " 5H 

-- - - - 
c t  
M 

- - 

14-0 --1 
9 .  

- - 
- -- 

16.0 c ' t  CP 
- :: ,:sf- 

-- SP, 
srl 

-- 

20-0 1: 

F I  E'LD D E S C R I P T I O N  SAMPLE MODE R E M A R K S  
w 
d r a y  

d.&4~;n~n ff. 



~ R ~ J E C T D / / B - ~ C - ~ & % & L  D A T E D R I L L E D  10/4/@/ HOLE NO. z u - r  
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Appendix C 

TEST PIT EXCAVATIONS 

A total  of 32 test pits were excavated on the dam embankments and in their 

foundations to  investigate the following: 

1. To provide information on the type, zoning and classification of 

embankment and foundation materials. 

2. To perform in situ density tests. 

The test pit excavations were performed a t  the same time a s  the  drilling 

operations. Excavation of test pits was subcontracted to Zieglerls Backhoe Service 

of Cedar City, Utah. Logging of the test pit excavations and in situ density tests 

were performed by Richard Morris of Earth Sciences Associates. 

Three to  five test pits were excavated a t  each dam, using a Case 580C 

backhoe with a 24-inch bucket. The locations of tes t  pits a re  shown in Figures B-1 

through 3-8 and are  summarized in Table C-1. Logs of the test pits are given in 

Figures C-1 through C-18 along with the  locations of the  in situ sand cone density 

tests. In many cases, at tempts were also made to obtain undisturbed Shelby tube 

samples by pushing with the  backhoe bucket. All such samples were sealed and 

shipped to  the ESA laboratories in Palo Alto, California. 

Pit  locations were chosen so as t o  provide information on embankment 

conditions a t  both the crest and the toe of each dam, usually on the upstream side. 

This was the  case a t  all three Green's Lake dams and a t  Stucki, Gypsum Wash, and 

Frog Hollow dams. A t  Warner Draw and Ivins dams, the  crest pit was dug on the  

downstream face of the embankment; a t  Green's Lake Dam No. 2, Green's Lake 

Dam No. 3, and Stucki Dam, crest pits were dug on both the upstream and 

downstream faces. Toe pits were also dug on the downstrkam face  a t  Gypsum 

Wash and Frog Hollow dams. All pits were located to be  a t  or near points of 

maximum section or of embankment curvature. Those pits excavated at t h e  

embankment toe were stepped so that one level of the pit was in the  embankment 

and a second level was in the foundation. 

Ear th  Sc i ences  Assoc i a tes  



Large bag samples of material excavated from the pits were collected from 

all crest  pits, and two bag samples--one from each level--were collected from the  

toe  pits. These samples were used for laboratory compaction testing and material 

classification purposes. 

Sand cone density tests were performed in about three-fourths of the test 

pits. Although not all pits were tested, the density tests were disturbed among the  

pits to provide a sampling of both embankment and foundation densities at each 

dam. Testing was done in general accordance with ASTM method D1556-64 and in 

specific accordance with U.S. Bureau of Reclamation method E-24. Deviations 

from the  standard methods included the  use of preweighed sand volumes t o  avoid 

complications associated with the field weighing. Most tests were performed using 

an ASTM standard six-inch cone apparatus; a twelve-inch cone was used in two pits 

where very large rock particles were encountered in the fill. To  improve the 

accuracy of the  density determinations replicate tests were made in all cases. 

Typically, three density tests were performed when using the six-inch cone, and 

two tests were performed when using the twelve-inch cone. Moisture contents 

were obtained either by ESA personnel in the field or by the CivillEarih Consulting 

Group of Fort Collins, Colorado. All samples obtained during the density testing 

were retained and shipped to  the ESA laboratories in Palo Alto, California. 

Table C-2 presents information on the sampling and testing for the  t e s t  pits 

a t  each dam site. 
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Table C-1 

Locatiorns of Test Pi t  Excavations 

Dam 

Green's Lake 
No. 2 

Green's Lake 
No. 3 

Green's Lake 
No. 5 

Warner Draw 

Stucki 

Gypsum Wash 

Pi t  No. 

GL2-TPl 
GL2-TP2 

1' 

GL2-TP3 
GL2-TP4 
GL2-TP5 

GL3-TP1 
GL3-TP2 

I' 

GL3-TP3 
'I 

GL3-TP4 
I' 

GL5-TP5 

GL5-TP1 
GL5-TP2 

11 

GL5-TP3 
11 

W D-TP 1 
WD-TP2 

'I 

WD-TPS 
I' 

STK-TP1 
STK-TP2 
STK-TP3 

11 

STK-TP4 
1' 

GW-TP1 
11 

GW-TP2 
' 1  

GW-TP3 
G W-TP4 

'1 

Crest  
Station 

12+75 
11+30 

I' 

9+05 
4+00 
2+80 

17+65 
17+15 

11 

14+40 
11 

5+7 0 
11 

6+40 

2+07 
1+98 

11 

1+19 
I1 

13+67 
13+25 

I1 

18+92 
' 1  

16+43 
18+90 
16+03 

' 1  

18+96 
1' 

21+56 
I' 

15+48 
I' 

25+86 
35+99 

11 

Offset from 
Dam Centerline 

15' upstream 
40' I' 

48' " 

14' downstream 
15' upstream 
21' 'I 

29' " 

15' upstream 
31' upstream 
38' " 
33' " 
40' " 
18' " 

25' " 
13' downstream 

15' upstream 
62' " 

67' " 

61' " 
68' " 

15' downstream 
128' upstream 
136' " 
143' " 

150' " 

15' upstream 
14' downstream 
88' upstream 
94' " 
39' " 

44' " 
> 

36' downstream 
42' " 
37' upstream 
43' " 
14' " 

43' " 
50' " 

Approx. 
Bottom 

Elevation 

6064' 
6053' 
6050' 
6063' 
6063' 
6059' 
6056' 

6058' 
6053' 
6049' 
6052' 
6048' 
6057' 
6053' 
6060' 

5933' 
5923' 
5920' 
5922! 
5919' 

2979' 
2945' 
2942' 
2940' 
2937' 

2807' 
2805' 
2783' 
2780' 
2799' 
2796' 

2720' 
2715' 
2725' 
2722' 
2733' 
2724' 
2720' 

Material 
in Trench 

Shell 
Shell 

Foundation 
Shell 
Shell 
Shell 

Foundation 

Shell 
Shell/F ound. 
Foundat ion 
Shell/Found. 
Foundation 

Shell 
Foundation 

Shell 

Shell 
Shell/F ound. 
Foundation 
Shell/Found. 
Foundat ion 

Shell 
Shell 

Foundation 
Shell 

Foundation 

Shell 
Shell 
Shell 

Foundation 
Shell 

Foundation 

Shell 
Foundation 

Shell 
Foundation 

Shell 
Shell 

Foundation 

Earth Sciences Associates 



Table C-1 (Continued) 

Locations of Test Pi t  Excavations 

Dam Pit No. 

Frog Hollow FH-TP1 
FH-TP2 

1' 

FH-TP3 
I' 

Ivins Diver- IV-TP 1 
sion No. 5 11 

IV-TP2 
1' 

IV-TP3 
11 

IV-TP4 

Crest 
Station 

Offset from 
Dam Centerline 

Approx. 
Bottom 

Elevation 

17' upstream 
28' downstream 
35' " 

88' upstream 
95' " 

87' " 

94' " 

2i1 upstream 
29' '' 
19' " 

25' " 

41' " 
47' " 

15' downstream 

Material 
in Trench 

She:'? 
Shell 

Found./Old fill 
Shell 

Foundation 
Shell 

Foundation 

Shell 
Foundation 

Shell 
Foundation 

Shell 
Foundation 

Shell 

Notes: Stations and offsets refer t o  approximate center of pit. Elevation refers to  pit 
floor. Two values for a pit indicate data for both benches in pits. In general, 
tests were run one or more days after  excavation of test pits. 
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Table  C-2 

Sampling and Test ing of T e s t  P i t  Excavation 

Number 
of P i t s  
Tested 

Number 
of Bulk 
Samples - 

Number 
of Sand  

Cone T e s t s  

Number of 
Shelby Tube 

Samples 
Number of 
T e s t  P i t s  Dam - 

Green's Lake  
No. 2 

Green's Lake  
No. 3 

Green's L a k e  
No. 5 

Warner Draw 

Stucki 

Gypsum Wash 

F r o g  Hollow 

Ivins Diver- 
sion No. 5 

TOTALS 
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SI LTY SAND: madium reddish brown; non- tp  
slightly plastic fines; abundant coarse-grained sand, 
ravel, and sulfate; fragments of sandstone and 

SANDY SILT: medium reddish brown; nonplastic 
fines; abundant coarse sand and gravel. 

\ SILT: medium reddish-grayish brown; sligi>tly 
plastic fines; scattered coarse-grained sand; some 
sulfate. 

SANDY ZiLT arld SILTY SAND:  medi~rn reddish 
brown; non- to slightly plastic finer.; abundant 
coarse sand and gravel; scattered small cobbles 

many gypsum stringers; evidence of 

SANDY SILT: medium reddish brown; non- to 
sl~ghtly plestic fines; abundant sand and gravel, 
mostly sandstone and limestone; some gypsum; 
some organics at top. 

I 

I 

I 

I 

I 

Notes 

I. AII materials in test pit excavation GL2-TPt are 
embankment fill. 

2. @ indicates location of sand cone density test. 

0 

Earth ~ c i e n c e s ' ~ s s o c i a t e s  
Palo Alto, Cal~fornia 

SEISMIC SAFETY INVESTIGATION OF EIGHT SCS DAMS 
LOGS OF TEST PIT EXCAVATIONS 

GREEN'S LAKE NO. 2 
I Horizontal = Vertical 

4 



~oarse:~ro ined sans and'gravel, w i t h  m a n y  cobbles 
\ and small boulders, m a n y  gypsum stringers. 

1 LTY SAND and  SANDY S I L T :  m e d i u m  reddish 
; non-  t o  sl ight ly plast ic fines; abundant  
-&rained sand and  gravel a n d  scattered cobbles, 
gypsum stringers. 

I 

Notes 

I. AII materials in test p i t  excavations are embank- 
m e n t  f i l l .  

2. @ indicates locat ion o f  sand cone density test. 

0 . 1  2 f e e t  
1 I I 

r 

Ear th  Sciences Associates 
Palo Alto, California 

.-- - 

SEISMIC S A F E T Y  l N V E S T l G A T l O N  OF E I G H T  SCS DAMS 

LOGS OF TEST PIT EXCAVATIONS 
GREEN'S LAKE NO. 2 

Hor izonta l  = Ver t ica l  



G L2-TP5 

W-E 

Y SAND: med ium reddish b rown ;  non-  t o  
l y  plastic fines; abundant  coarse-grained sand 
ravel, scattered cobbles; rather rocky;  
inc t  strat i f icat ion. 

-.- 
S A N D Y  SILT: m e d ~ u m  reddish b r o w n ;  n o ~ ~ p l a s t ~ c  - 

fines; some coarse-grained sand and scattered gravel 
and cobbles. 

Note 
Earth S c i e n c e s  A s s o c i a t e s  

@ indicates locat ion of sand cone density test. 

SEISMIC S A F E T Y  I N V E S T I G A T I O N  OF E I G H T  SCS D A M S  
0 1 2 f e e t  

Hor izonta l  = Ver t ica l  









Exposed f racture ( p i t  side has peeled away). W-E 
Fracture is abou t  0.015 f o o t  wide. 

S I L T Y  C L A Y :  m e d i u m  reddish b rown ;  s l ight ly  
plastic fines; some f ine-grained sand a n d  gypsum 
stringers; med ium dense; ind is t inc t  s t ra t i f icat ion;  
occasional coarse-grained sand and f i ne  gravel. 

G L5-TP2 

W '  - * E  

CLAYEY S I L T :  m e d i u m  reddish b rown ;  sl ight t o  
med ium plastic f~nes ;  some fine-grained sand, 

Notes 

1. A l l  materials in test p i t  exacavation GL5-TP1  are 
embankment  f i l l .  

2. @ indicates locat ion of sand cone density test. 

0 1 2 f e e t  

Hor izonta l  = Ver t ica l  



G L5-TP3 

W-E 

C L A Y E Y  SILT: medium recldisli brown; non- t o  

I slightly plastic f:nes; some f ine-grained sand and 
scattered coarse-yralned sand and fine gravel; some 
sulfate stringers; medium dense; some evidence 
of stratification in f I foot lifts, some lifts are more 
plastic than others. 

I 

~r i~bankment ' f i i l .  -- 

CLAYEY SILT: medium reddish brown; non- t o  
slightly plastic fines; some fine- and coarse-graine 
sand and scattered fine gravel; medium dense; 
indistinct stratification. 

I 

1 

Note 

@ indicates location o f  sand cone density test. 
r 

0 1 2feet  
I l l  

Horizontal = Vertical 

L - - - - -  



GRAVEL and COBBLES: various lithologies; in a 
dium reddish gray silty sand matrix; non-plastic 

Y SAND: medlum reddish brown; nonplastic 
'abundant coarse-grained sand and gravel; 
ionaf cobbles, some gypsum; stratified 

\ SAND: medium ruddish brown; flne; medium 
dense. 

COBBLES: various I~tl?ologies; in a 
sh gray silty sand matrix; nonplastic 

SILTY SAND: medium reddish brown; nonplastic 
fines; scattered coarse-gralned sand and gravel; 
some gypsum; medium dense; indistinct 
stratification. 

Similar to above unit./ 

Notes 

1. All  materials in test pit excavation WD-TPl are 
embankment fill. 

2. @indicates location of sand cone density test. 

0 1 2 feet 
I I I 

Horizontal = Vertical 
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V E L  and COBBLES: various litho!ogies; in  a 
sand matrix; nonplastic f~nes; loose. 

S ILTY SAND and SANDY SILT:  med~um reddish 
brown; non- t o  slightly plastic fines; abundant 
coarse-grained sand and gravel; some scattered 
cobbles; abundant gypsum; rnedium dense; 
indistinct stratification. 

SAND:  medium red; f~ne-grained; clean; m e d ~ u m  
dense. 

I 

I 

I 

I 

- - 

I 

Notes 

I. AII materials i n  test p i t  excavation are embank- 
ment f i l l .  

2. @indicates location o f  sand cone density test. 

0 1 2 fee t  
I I I 

Horizontal = Vertical 
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ST K - I P  1 

N*-S 

GRAVEL AND COBBLES: various lithologies 
in a medium reddish brown silty sand matrix; 
nonplastic fines; loose. 

SILTY SAND: rnedrurn reddish brown; fine-grained; 
scattered coarse sand ar~d gravel, non- t o  slightly 
plastic fines; med~um dense; some gypsum stringers. 

GRAVEL AND COBBLES: vaiious lithoiogies 
In a medium reddish gray silty sand matr-ix; non- 

SILTY SAND. medium reddish brown; nonpl 
fines; with abundant coarse sand and gravel; scat- 
tered cobbles; medium dense; indistinct strat- 
ification; some gypsum stringers. 

Notes 

1. All materials in test pit excavations are embank- 
Paio Alto, California 

2. @ indicates location of sand cone density test. 

0 1 2 feet 

u 
Horizontal = Vertical 



ST K-TP-3 

N-S 

SILTY SAND: medium reddish brown;.non- to 
slightly plastic fines; some coarse sand and gravel; 
medium dense; no apparent stratification; some 

Similar to above. but nonp1astic.--- 

STK-"TP-4 

N-* :-- =z- s 

L and COBBLES: in a medium brown silty 
trix; nonplastic f~nes; loose, many 

SILTY SAND: medium reddish brown; non- to 

gravel and some cobbles; some gypsum; medium 
dense; stratifled in 0.5 - 0.8 foot lifts. 

SILTY SAND: light to medium reddish brown; 
nonplastic fines; scattered coarse-grained sand a 
gravel, loose. 

Note 

@ indicates location of sand cone density test. 

0 1 2feet 

Horizontal = Vertical 



GWLTPI 
E-W 

GRAVEL and small COBBLES: in a light reddish 
gray silty sand matrix; non- t o  slightly plastic fines; 
stratified in -0.5 foot lifts; abundant gypsurrr; 

brown; slightly plastic fines; coarse-grained 
and gravel; abundant gypsum; very dense. 

SILTY SAND: medium reddish brown; nonplastrc 
fines; scattered coarse particies; gypsiferous; 
silghtiy organic; loose to medium dense. 

GW-TP2 

W-E 

Note 

@ indicates location o f  sand cone density test. 

SEISMIC SAFET 

Horizontal = Vertical 

ey); non- t o  slightly plastic fines; coarse 
icles of weak white sandstone, siltstone, 

SILTY CLAYEY SAND: medium reddish brown; - 
slightly plastic fines; with scattered coarse-grained 
sand and gravel; some gypsum; dense. 





SILTY CLAY:  med ium yel lowish b r o w n ;  med ium 
plastic fines; some coarse-grained sand a n d  gravel 
(basaltic); calcareous; very s t i f f ;  i nd i s t i nc t  strat i f i -  

FH-TP2 

S-N 

Similar t o  above, except ma t r i x  is l ight  grayish 
b r o w n  and very calcareous and  hard. 
(Possibly zone 11). 

GRAVEL and COBBLES: basaltic; i n  a m e d i u m  
yel lowish b r o w n  s i l ty  clay matr ix ;  sl ight ly plastic 
fines; very s t i f f .  [Possibly zone 11). 

Notes 

1. A l l  materials i n  test p i t  excavations are 
embankment  fill. 

2. @ indicates locat ion o f  sand cone density test. 

0 1 2 f e e t  

Hor izonta l  = Ver t ica l  



S I L T Y  C L A Y :  m e d i u m  yel lowish-reddish brown;  
m e d i u m  plastic fines; some coarse-grained sand and  
f ine gravel; a f e w  scattered cobbles; calcareous; 
very st i f f ;  ind is t inc t  strat i f icat ion. 

Same as above, except l ight  ye l lowish grey; very 
calcareous. 

SANDY S I L T :  med tum reddish b rown ;  trace o f  
clay; sl ight ly plastic fines; dense. 

N o t e  

@ indicates locat ion of sand cone  density test. 

Hor izonta l  = Ver t ica l  

FH-TP4 

N-S 

S I L T Y  C L A Y :  m e d i u m  yel lowish-reddish b rown ;  
med ium plast ic fines: some coarse-grained sand 
n d  gravel; scattered basalt cobbles; calcareous; 

S I L T Y  SAND: m e d i u m  reddish b rown ;  nonplast ic 
fines; med ium-  t o  coarse-grained; m e d i u m  
dense. 





S I L T Y  S A N D  and S A N D Y  S I L T :  m e d i u m  red; 
non -  t o  slight1 y plastic fines; some coarse-grained 
sand and  gravel; m e d i u m  dense; i nd i s t i nc t  

Large gypsum stringer. - 

Notes 

1. A l l  materials i n  test p i t  excavation I V - T P 4  are Ea r th  S c i e n c e s  A s s o c i a t e s  
embankment  f i l l .  Palo ARo, California 

2 .  @ indicates locat ion of sand cone density test. 

0 1 2 f e e t  

Hor izonta l  = Vert ical 

IV-TP4 

S-N 

Y S A N D :  med ium red; n o n -  t o  sl ightfy plast ic 
>; abundant  coarse-grained sand and  gravel; 
tered cobbles; dense; i nd i s t i nc t  strat i f icat ion. 





Appendix D 

LABORATORY TESTING 

Laboratory tests  consisting of gra ins ize  determination and compaction tes ts  

were performed t o  establish the relative compaction of the  embankment and 

foundation materials. In addition, Atterberg limit tests were performed to  help 

facilitate the classification of the various materials encountered. Results of 

Atterberg limit tests a re  shown in Figures D-1 and D-2. Sieve analyses and 

compaction tests were run on all of the bag samples obtained from the  test pits. 

Sieve analyses were also performed on some of the sand cone tes t  samples t o  

establish their similarity with the corresponding bulk sample. Gradation curves for 

all of the samples tested are  shown in Figures D-3 through D-10 for each of the  

dam embankments. Compaction curves for the materials tested are shown in 

Figures D-11 through D-18 for the various materials tested along with t h e  

corresponding maximum dry densities and optimum moisture contents. The 

compaction tests were performed using a 4-inch diameter mold in accordance with 

ASTM procedure D698-70 method C (standard Proctor and 3/4 inch maximum 

particle size). 

The degree of relative compaction a t  each sand cone test location was 

computed using the  appropriate value of maximum dry density established in t h e  

laboratory for the  corresponding bulk sample. These results a r e  tabulated in Tables 

D-1 through D-8 for each tes t  performed a t  each dam location. 

Ear th  Sc i ences  Assoc i a tes  



Table  D-1 

Rela t ive  Compaction Evaluation 

Green's Lake Dam # 2  

Unified Soil Classif ication Field Tes t  Laboratory  Rela t ive  
Zone Yd W/C Ydmax Opt  w/c Compaction 

DamITest  P i t  Can  # Tes ted  Field Lab (pcf) (%I (pcf (%I (%) Remarks  

Shell SM-ML wlgravel,  
cobbles 

I t  11 

tt 11 

Shell SM-ML wlgravel  
11 11 

11 . I t  

Founda- SM wlgravel,  
t ion cobbles 

I t  t I 

C 

SM-SC 111.3 

SM-SC 101.7 
" 101.0 

101.6 

SM-SC 116.4 



Table D-2 

Relative Compaction Evaluation 

Green's Lake Dam # 3 

Unified Soil Classification Field Test Laboratory Relative 
Zone Yd W/C Ydmax Opt w/c Compaction 

Dam/Test Pit Can # Tested Field Lab (pcf) (%I (pcf ) (%I (%> Remarks 

#ll Shell SM wlgravel, cobbles ML 102.1 
#14 t t  11 II 117.6 

# 7 11 II II 116.2 

#3 Founda- ML wlsand, gravel, SM 106.3 
tion 

# 1 1  t t  t t  t t  107.3 

# 12 t t  t t  t  I 108.7 

# 2 Founda- SM w/gravel SM-ML 111.3 
tion 

# 7 11 11 t  I 117.3 
#14 " II 11 115.9 

# 1  Shell SM-ML w/gravel, SM-NIL 112.1 
# 15 cobbles I t  105.2 

# 4 t t  103.9 

#5 Shell SM wlgravel, cobbles SM-ML 95.8 
#13 t t  t t  t t  103.9 

#10 t t  t t  11 97.2 

82.5 Sandcone sample 
123.7 9.9 95.1 has finer sand 

93.9 than bulk sample. 



Rela t ive  Compaction Evaluation 

Green's Lake Dam # 5  

Unified Soil Classif ication Field T e s t  Laboratory  Rela t ive  
Zone Yd W/C Ydmax Opt  w/c  Compact ion 

Dam/Test  Pit Can # Tes ted  Field Lab  (pcf) (pcf (%) (%) Remarks  

Shell CL w/sand gravel  
11 11 

11 t I 

Founda- ML w/sand 
t ion 

I t  11. 

11 11 

Founda- ML w/sand, gravel 
t ion 

11 I t  

SM-SC 98.7 

I t  99.4 
" 108.6 

CL-ML 98.5 

I t  97.0 
T I  96.3 

70.2 Field test water  
113.0 13.5 76.8 contents  a r e  not  

81.9 in s i tu  values 
due t o  t i m e  be- 
tween opening of 
pits and tes t ing 
(rain). 



Table D-4 

Relative Compaction Evaluation 

Warner Draw 

Unified Soil Clsssification Field Test Laboratory Relative 
Zone yd W/C Ydrnax Opt w/c Compaction 

Dam/Test Pi t  Can # Tested Field Lab (pcf) (%) (pcf (%I (%> Remarlcs 

WD-TP1 #1  Shell SP-SM w/gravel, SM 120.3 7.1 103.0 
cobbles 

WD-TP1 # 3  11 
11 11 120.2 5.6 117.8 7.0 104.0 

WD-TP1 #4 11 
I 1  11 108.8 3.6 92.4 

WD-TP3 #7 Founda- SP 
tion 

WD-TP3 #12 r r  11 

WD-TP3 W 11 11 
I 1  



Table D-5 

Relative C o g a c t i o n  Evaluation 

Unified Soil Classification Field Test Laboratory Relative 
Zone yd W/C Ydmax Opt wlc Compaction 

DamJTest Pi t  Can #. Tested Field Lab (pcf) (%> (pcf > (%> (%> Remarks 

Shell SM wlgravel 
11 11 

11 11 

Shell SM wlgravel 
11 I1 

11 1 I 

Founda- SM wigravel 
tion 

I? 11 

11 I1 

i 
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Table D-7 

Rela t ive  C o m ~ a c t i o n  Evaluation 

Frog Hollow 

Unified Soil Classif ication Field Tes t  Laboratory  Rela t ive  
Zone Yd W/C Ydrnax Opt w l c  Compaction 

DamITes t  P i t  Can # Tested Fie ld  Lab  (pcf) 6%) (pcf) (%I (%) Remarks  

FH-TP1 #13 Shell CL wlsil t ,  sand, CL-ML 111.6 13.3 95.1 
(Zone I) gravel 

FH-TP1 # 15 II TI " 116.8 12.8 117.4 13.5 99.5 
FH-TP1 #11  11 If 115.5 12.0 98.4 I f  

FH-TP2 #9,10 Shell GC-GM w/cobbles GC-GM 72.2+ 14.4 
(Zone 11) 

79.3 12" sandcone. 

FH-TP3 #2 Founda- ML w/clay, sand ML-CL 90.2 12.5 80.5 
t ion 112.1 16.2 

FH-TP3 # 14 IT 
I f  I f  99.9 11.8 89.1 

i 

Note: + Field test required rock correction.  



Table D-8 

Relative C o m ~ a c  tion Evaluation 

Ivins Diversion No. 5 

Unified Soil Classification Field Test Laborator Relative 
Zone yd W/C Ydmax Op: w/c Compaction 

Dam/Test Pit Can # Tested Field Lab (pcf) (%> (pcf ) (95) (%> Remarks 

IV-TP1 # 3  Founda- ML w/gravel, SM 113.1 10.2 95.4 
tion cobbles 

IV-TP 1 # 9 IT 
1 I I 1  102.8 10.9 118.6 13.1 86.7 

IV-TP 1 #9(2) If II Y I 106.2 10.5 89.5 Sandcone sample 
is coarser than 
corresponding, 
bulk sample. 

IV-TP 2 #10 Founda- SM w/gravel, S M  9 2.1 8.9 83.3 
tion cobbles 

IV-TP 2 #5 I f  11 If 91.0 9.3 110.5 11.5 82.4 
IV-TP2 #15 II 

1 I I f  93.8 8.6 84.9 

IV-TP4 #13 Shell SM w/gravel SM 116.3 6.1 95.7 
IV-TP4 # 8 II 

I f  I f  110.7 5.6 121.5 10.2 91.1 
IV-TP4 #6 11 11 

II 128.1 4.5 105.4 
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E'. REG1 ONAL G E O L O G Y  A N D  TECTONICS 

E. 1  . TECTONI C FRAMEWORK 

E.1.1 General Se t t i ng  

The Cedar City-St .  George a r e a ,  located i n  the  southwestern corner of 

Utah, l i e s  along t h e  boundary (more properly,  within a  t r a n s i t i o n  zone) 

between the Basin and Range and Colorado Plateau physiographic-geologic pro- 

vinces ( f i g  E-1). The area  i s  in  a  t e c ton i ca l l y  a c t i ve  i n t r a p l a t e  s e t t i n g  

about 400 km nor theas t  o f  t h e  San Andreas transform f a u l t ,  which forms t h e  

boundary between t he  Pac i f i c  and North American p la tes  a fig.^-1. 

The eas te rn  margin of the  Great Basin, o r  northern por t ion of t he  

Basin and Range province, i s  we1 1  known t o  be t ec ton ica l  ly a c t i v e .  I t  

coincides s p a t i a l l y  with a  lengthy segment of the  Intermountain seismic 

be l t  (smith and Sbar ,  1974; Smith, 1978; Arabasz and Smith ,  1981)--sche- 

matical ly depicted in  figure E-&-a major zone of i n t r a p l a t e  s e i smic i t y  

within western North America t h a t  follows t he  boundary between t h i n  weak 

c ru s t  and l i thosphere  of the  eas tern  Basin and Range province and th icker  

more s tab le  c r u s t  and 1  i thopshere of the  Middle Rocky Mountains and t he  

Colorado Pla teau.  The Intermountain seismic be1 t i s  charac te r ized  by 

extensive l a t e  Quaternary normal f au l t i ng  , d i f fu se  s h a l l  ow se i smic i t y ,  and 

episodic scarp-forming earthquakes (6%<M<7$) - - (Arabasz and Smith,  1981). 

In considering the  t ec ton ic  s e t t i n g  of the  Cedar Ci ty -S t .  George area  , 

along the eas te rn  margin of the  Basin and Range i t  should be 

noted t ha t  the  area i s  s i t ua t ed  c lo se  t o  an important boundary a t  roughly 

l a t  37"N t h a t  separa tes  t he  northern,  o r  Great Basin, s e c t i o n  of t h e  Basin 

and Range province from the  southern,  o r  Sonoran Deser t ,  s e c t i o n  ( see  f ig.E-1).  

The boundary, whose deep-seated o r i g in  i s  not f u l l y  unders tood,  i s  marked by 

a  change in Bouguer g rav i ty  of near ly  100 mgal  a at on and o t h e r s ,  1978). 



F I G U R E  E-I-Tectonic sketch map (adapted from Zoback and others,  1981) 

showing setting of the Cedar Ci ty-St. George area (dashed e l l ipse )  in 

southwestern Utah. Heavy dashed l ines outline Intermountain seismic 

be l t ,  ISB ( a f t e r  Arabasz and Smith, 1981); heavy arrons, generalized 

s t ress  directions : ei ther  1 east (outward directed) o r  greatest  (inward 
directed) principal horizontal compression (from Zoback and Zoback, 

1980). Shaded region in southern Nevada and Utah marks t ransi t ional  

boundary between northern and southern Basin and Range provinces. 
E-4 



Important ly,  t h e  two s e c t i o n s  of t h e  Basin and Range province,  which a r e  

physiographical ly d i f f e r e n t ,  have had s i g n i f i c a n t l y  d i f f e r e n t  l a t e  Cenozoic 

h i s t o r i e s   a at on and o t h e r s ,  1978; Eaton, 1979; Zoback and o t h e r s ,  1981) ,  

a  point  we r e t u r n  t o  l a t e r .  

The Cenozoic h i s t o r y  of t h e  Cedar Ci ty-St .  George a r e a  i s  c l o s e l y  

associa ted  w i t h  tectonism along the  Great Basin-Colorado Plateau boundary. 

However, proximity of t h e  a rea  t o  t h e  Great Basin-Sonoran Desert t r a n s i t i o n  

must be emphasized. Genera l iza t ions  app l i cab le  t o  t h e  contemporary seismo- 

t e c t o n i c s  of southwestern Utah wi l l  not gene ra l ly  be a p p l i c a b l e  t o  north-  

western Arizona--to t h e  south of t h e  area  of i n t e r e s t .  

E. 1 . 2  Tectonic Processes and Crust-Mantl e  Framework 

A host of hypotheses have been proposed t o  expla in  t h e  l a t e  Cenozoic 

t e c t o n i c s  of t h e  Basin and Range province,  t h e  Colorado P la t eau ,  and t h e  

Intermountain West i n  g e n e r a l .  Abundant information has r e c e n t l y  been 

summarized i n  Memoir 152 of t h e  Geological Socie ty  of  America (Smith and 

Eaton, eds . ,  1978) and in  subsequent papers by Thompson and Zoback (1979),  

Eaton (1979, 1980) ,  Zoback and Zoback (1980) ,  and Zoback and o t h e r s  (1981). 

Stewart (1978) and Davis (1980) review t h e  chief  c a t e g o r i e s  o f  models t h a t  

may pertain: ( 1 )  ob l ique  i n t r a p l a t e  fragmentat ion caused by d i  f -  

f e r e n t i a l  motion along t h e  North American-Pacific p l a t e  boundary; ( 2 )  back- 

a r c  extension and rnantl e  upwell i n g ,  t y p i c a l l y  above a  subducting p l a t e ;  

( 3 )  major changes i n  d i p  o r  conf igura t ion  of a  subjacent  subducted p l a t e  

(o r  p l a t e s ) ;  ( 4 )  subduction of t h e  East Pac i f i c  r i s e ;  and ( 5 )  mantle plumes. 

For t h e  present  s i t e - s p e c i f i c  s tudy,  pos tu la ted  t e c t o n i c  models become 

c h i e f l y  academic ( i n  t h e  f ace  of  cont inuing deba te  and on-going evolu t ionary  



s t u d i e s ) ,  so we emphasize some fundamental obse rva t ions .  (Appendix J inc ludes  

a se l ec ted  bibl iography re l evan t  t o  t h e  "big p i c t u r e "  t e c t o n i c s  of western 

North America). La te r ,  however, we d e s c r i b e  a s p e c t s  of some t e c t o n i c  models 

f o r  which t h e r e  seems t o  be good academic agreement ,  and which provide a  

useful conceptual framework f o r  d i scuss ion .  U l  t i m a t e l y ,  t h e  record o f  l a t e  

Quaternary f a u l t i n g  and observed se ismic i ty- -d iscussed  i n  Appendix F--provide 

t h e  basis  f o r  evalua t ing  contemporary t e c t o n i c s  wi th in  a  t ime frame o f  

engineering re1 evance . 

The e a s t e r n  margin of t h e  Great Basin has been i n t e r p r e t e d  t o  d e f i n e  a  

subpla te  boundary between the  Great Basin and t h e  Colorado Plateau-Middle 

Rocky Mountains ( e . g . ,  Smith, 1978) ;  i n  any c a s e ,  i t  c l e a r l y  i s  a  locus  of 
see fig. E-2a 

t e c t o n i c  i n s t a b i l i t y  ref1  ec ted ,  i n  p a r t ,  by t h i n  c r u s t  ( -25 kin,), anoma~lous 
4 .  

upper mantle (7 :4<pn57 - .9 kmlsec) , high heat  flow (>I  20 m w / m 2 ;  1 H F U  = 

41.9 mW/m2), high regional  e l eva t ion  (>1 ,500 m),  and a c r u s t a l  low-veloci ty  

l a y e r  in t h e  5-1 5 km depth i n t e r v a l  ( s e e  f i g .  E-2b) (Smith,  1978; Eaton and 

o t h e r s ,  1978; Blackwell , 1978). 

FigureE-2c i l l u s t r a t e s  t h e  anornal ous na tu re  of c rus t -upper  mantle  s t r u c -  

t u r e  along t h e  eas t e rn  Great Basin;  i t  a l s o  d e p i c t s  t r a n s i t i o n a l  change 

from the  Basin and Range province t o  t h e  Colorado P la t eau .  The boundary 

between the  Basin and Range province and t h e  Colorado Plateau province i n  

c e n t r a l  and southwest Utah is  well known t o  be a t r a n s i t i o n a l  one--not on ly  

physiographical ly (e .g . , Stokes ,  1977) ,  but a1 s o  i n  terms of s u r f i c i a l  

geology ( ~ u r c h f  i  el and Hickcox, 1972; Anderson and Mehnert , 1979) , c r u s t a l  

v e l o c i t y  s t r u c t u r e  (Smith and o t h e r s ,  1975) ,  heat  flow ( ~ o d e l l  and Chapman, 

1982) ,  l i t h o s p h e r i c  th ickness  (Thompson and Zoback, 1979),  and other  geo- 

physical parameters ( s e e  reviews by Thompson and Zoback, 1979; Smith ,  1978; 

Kell e r  and o t h e r s ,  1979).  Typica l ly ,  t h e  geophysical parameters tend t o  





have t r a n s i t i o n a l  va lues  t h a t  extend severa l  t e n s  of k i lometers  e a s t  o f  

t h e  c l a s s i c a l  physiographic boundary between t h e  two provinces .  

In t h e  Cedar Ci ty-St .  George a r e a ,  c r u s t a l  t h i c k n e s s  i s  %30 km and 

subcrustal  Pn v e l o c i t y  i s  %7 - 9  km/sec ( f i g .  E-2a, b). Smith and o t h e r s  (1  975) 

and Smith (1978) summarize evidence f o r  anomalous t e l e s e i s m i c  P-wave r e s i d u a l s  

in  southwestern Utah ( s e e  a l s o  Anderson, 1978,  p.  3 ) ,  s u p p o r t i v e  o f  r e l a t i v e l y  

t h i n  c r u s t  and anomalous upper mantle .  I t  should be emphasized t h a t  t h e  

observed P-wave anomalies were not  unique t o  southwest Utah--because o f  

l imited s p a t i a l  sampl ing--but r a t h e r  they would presumably t y p i f y  a  more 

extens ive  b e l t  along t h e  e a s t e r n  Great  Basin margin. 

Contemporary s t r e s s  i s  predominantly extens ional  i n  a  WNW-ESE d i r e c t i o n  

along t h e  e a s t e r n  Great Basin ( f i g  .E-1), but t h e r e  a r e  s p a t i a l l y  r a p i d  changes 

in s t r e s s  o r i e n t a t i o n  i n  loca l  a r e a s ,  and t h e r e  i s  a n o t a b l e  change t o  a  

compressional s t r e s s  regime (with roughly a  WNW-ESE maximum p r i n c i p a l  h o r i -  

zontal s t r e s s  d i r e c t i o n )  wi th in  t h e  i n t e r i o r  of t h e  Colorado Pla teau  (Zoback 

and Zoback, 1980).  The source  of  t h e  observed s t r e s s  f i e l d  i n  t h e  I n t e r -  

mountain West i s  not  completely understood,  but i t  l i k e l y  invo lves  c o n t r i -  

butions both from d i f f e r e n t i a l  motion along t h e  San Andreas margin and sub- 

1 i thospher ic  t r a c t i o n s  ( ~ o b a c k  and Zoback, 1980; Thompson and Zoback; 1979;  

Smith, 1978).  

Residual e f f e c t s  of e a r l y  Cenozoic subduction along t h e  western margin 

of the  North American p l a t e  a r e  thought t o  be of g r e a t  importance t o  under-  

standing t h e  s t r e s s  and thermal f i e 1  ds  (and hence t h e  contemporary t e c t o n i c s )  

of the  Intermountain West (Thompson and Zoback, 1979; Zoback and Zoback, 1980; 

Bode11 and Chapman, 1982).  Bode11 and Chapman (1982) ,  f o r  example, d i s c u s s  

how t r a n s i t i o n a l  changes in  observed heat  flow a c r o s s  t h e  Basin and Range- 



Colorado Plateau boundary ( ranging from >I00  m w / m 2  i n  t h e  e a s t e r n  Great  Basin 

t o  >50 mbJ/m2 within t h e  i n t e r i o r  of  t h e  Colorado p la teau)  may be a  s i g n i f i -  

can t  c l u e  t o  understanding t h e  l a t e  Cenozoic t e c t o n i c s  along t h e  province  

boundary. Thei r  thermal modeling sugges t s  t h a t  l a t e r a l  warming and weakening 

of t h e  Colorado Plateau l i t h o s p h e r e  began a t  t h e  Basin and Range boundary 

some 20 m.y. ago. Lithospheric  th inn ing  under t h e  Plateau would have quicl:ly 

r e s u l t e d  i n  su r face  u p l i f t ,  but corresponding su r face  hea t  f l u x  would pre- 

d i c t a b l y  l a g  i n  time by a s  much a s  15-20 rn.y.--in agreement wi th  c u r r e n t  

observat ions  (Bode1 1 and Chapman, 1982).  Long-continued thermal weakening 

apparent ly  had e a r l i e r  r e s u l t e d  i n  anomalously t h i n  c r u s t  and 1 i t h o s p h e r e  

beneath t h e  Basin and Range province a s  seen in  f igureE-2c(see Eaton,  1979) .  

To adequately descr ibe  t,he a c t i v e  t e c t o n i c  processes i n  southwest  Utah, 

we need t o  consider  t h e  complicated Cenozoic h i s t o r y  of t h e  r e g i o n ,  a s  well 

a s  i t s  contemporary se ismotec tonics ,  se ismic  f l u x ,  and s t r a i n  r a t e - - a l l  o f  

which a r e  elaborated i n  l a t e r  s e c t i o n s .  From what we have seen so f a r ,  we 

can a n t i c i p a t e  t h a t  ( 1 )  because of i t s  i n t r a p l a t e  s e t t i n g ,  southwest Utah wi l l  

expectedly be associa ted  with lower r a t e s  of secu la r  deformation than  a long  

t h e  San Andreas p l a t e  margin, ( 2 )  c r u s t a l  extension and thermal processes  

wi l l  have a fundamental in f luence  on ear thquake  genera t ion ,  and ( 3 )  normal 

f a u l t i n g  associa ted  with deformation of t h e  Great Basin-Colorado P la t eau  

boundary wil l  be of primary importance. 



E.1.3 Tectonic Provinces 

I n  f i g u r e  E-3,tectonic provinces a r e  o u t l  ined i n  t h e  region surrounding 

t h e  Cedar Ci ty-St .  George a r e a .  This f i g u r e  and t h e  fo l lowing b r i e f  d e s c r i p -  

t i o n s  a r e  intended t o  p lace  t h e  s tudy a rea  i n  reg ional  pe r spec t ive  on a s c a l e  

of a  few hundreds of k i lomete r s .  Various workers d i f f e r  i n  t h e i r  d e l i n e a -  

t i o n  of some of  t h e  province boundaries ,  o r  perhaps i n  t h e i r  o u t l i n e  of 

subprovinces--depending upon t h e i r  emphasis of physiography, geologic  s t r u c -  

t u r e ,  o r  geophysical a t t r i b u t e s  ( s e e  Eaton, 1979 ) .  We have at tempted t o  

follow we l l - e s t ab l i shed  usage,  allowing f o r  updating by more r e c e n t  geologica l  

work. Also, we por t r ay  and d e p i c t  two t r a n s i t i o n a l  regions  t h a t  do not  have 

p rec i se ly  determined boundaries ,  but whose genera l  l o c a t i o n  has irnpor,tant 

tectonophysical  imp1 i c a t i o n s  . The t e c t o n i c  provinces o u t l  ined i n  f i g l ~ r e  E-3 

a r e  c h i e f l y  based on geologica l  s t r u c t u r e  and physiography. They a r e  not  .- 
uniform seismogenic zones;  we d i scuss  such zones s e p a r a t e l y  i n  Appendix F. 

E.I .3.1 Northern Basin and Range  reat at Basin)  Province . -  (NBR). The nor thern  

Basin and Range province encompasses a  broad reg ion  of  Nevada and western 

Utah cha rac te r i zed  by basin-range physiography--i .e . ,  e longa te  ranges w i t h  

a length- toywidth  r a d i o ' o f  ~ 4 - 8  and c r e s t - t o - c r e s t  spac ing  of  %25-35 k m ,  

separated by bas ins  f i l l  ed w i t h  ~ e r t i a r ~ - ~ " a t e r n a r ~  f l u v i a l  -1acus t r ine  s e d i -  

ments (Zoback and o t h e r s ,  1981) .  Mention has a l r e a d y  been made of s e p a r a t i o n  

of t h e  Basin and Range province i n t o  nor thern  and southern  s e c t i o n s .  The 

northern o r  Great Basin s e c t i o n  s t ands  mostly above about  1,500 rn (5,000 f t )  , 

i s  marked by i n t e r i o r  d r a i n a g e ,  and has predominant NNE-trending physiography 

t h a t  has c h i e f l y  developed wi th in  t h e  pas t  1 0  m.y. (Eaton 1979;  Zoback and 

others, 7981). Basin-range s t r u c t u r e ,  which has l e d  t o  t h e  development of 



TECTONIC PROVINCES AND SUBPROVINCES 

NBR Northern Basin and Range (Great  Basin) Province 

SBR Southern Basin and Range (Sonoran Dese r t )  Province 

CP Colorado Pla teau  Province. 

CP-HPS High P l a t eaus  Sec t ion  o f  the Colorado P la t eau  Province 

CP-GCS Grand Canyon Sec t ion  of t h e  Colorado P la t eau  Province 

Basin and Range-Colorado Plateau Trans i t i on*  

Great Basin-Sonoran Desert  Trans i t ion*  

*not shown on t h i s  figure 

FIGURE E-3. 



normal-faul t-control1 ed a l l uv i a t ed  basins and mountain blocks by c ru s t a l  

extension, " i s  coxrnonly in fe r red  t o  represent e i t h e r  (1 )  blocks t i l t e d  

along downward-flattening (1 i s t r i c )  f a u l t s  i n  which t he  upslope pa r t  of an 

individual rotated block forms a mountain and the  downslope p a r t  a  val ley 

o r  ( 2 )  a l t e rna t ing  downdropped blocks (grabens) t h a t  form va l leys  and re la -  

t i v e l y  upthrown blocks ( h o r s t s )  t ha t  form mountains" (Stewart ,  1978, p .  1 ) .  

E.1.3.2. Southern Basin 

con t ras t  t o  the  Great Basin, t h e  Sonoran Desert sec t ion  of  t he  Basin and 

Range province l i e s  mostly below about 900 rn (3,000 f t )  and has a general 

NW-trending physiography t h a t  developed by block f au l t i ng  , ch i e f l y  i n  the 

period 73-10 m.y . ago (Zoback and o the r s ,  1981 ; Eaton, 1979). Ea r l i e r  

timing (and a d i f f e r en t  s t r e s s  f i e l d )  f o r  the  development of basin-range 

s t ruc ture  in the southern Basin and Range province, compared t o  t h a t  in the  

Great Basin sec t ion ,  accounts f o r  i t s  present low e l e v a t i o n ,  extensively , 

eroded ranges with broad range-bounding pediments, pauci ty  of a c t i ve  f a u l t -  

ing ,  and r e l a t i ve ly  low se i smic i ty  (Eaton, 1979; Zoback and o thers ,  '1981 ) .  

E-1.3.3 - Colorado Plateau Province (CP) . The Colorado P la teau ,  sometimes 

referred to  as the Colorado Plateaus province, def ines  a crudely c i r c u l a r  

region covering adjoining regions  of Utah, Arizona, New Mexico, and Colorado. 

The province coincides w i t h  a r e l a t i v e l y  coherent block surrounded on three  

s ides  by the  extensional regimes of the  Basin and Range province and the 

Rio Grande r i f t  (see fig. 33-1) t h a t  ha s  experienced near ly  two kilometers of 

ver t i ca l  u p l i f t  during t he  l a s t  20 m.y. while remaining r e l a t i v e l y  undeformed 

(Thompson and Zoback, 1979; H u n t ,  1956). Cenozoic up1 i f t  of the  Plateau i s  



generally ascribed t o  upper-mantle thermal processes ( s e e  McGetchin, 1979; 

Bodell and Chapman, 1982). The interior of the Colorado Plateau is characterized 

by a 40 km-thick crust ,  a P, velocity of about 7.85 kmlsec, a compressive stress 

field, and an average elevation of about 1,500-2,000 m (Thompson and Zoback, 

1979) ; i ts average heat flow is about 50 m w l m 2  (milliwatts/square meter) (Bodell 

and Chapman, 1982) . The pre-Tertiary geology of the Colorado Plateau is 

dominated by s t a b l e  she l f  deposi ts ;  on the  o ther  hand, e a r l y  Te r t i a ry  f l u v i a l -  

l acus t r ine  sediments, l a t e  Ter t i a ry  in t rus ive  and ex t ru s ive  rocks (pa r t i cu l a r l y  

around the margin of the  P la teau) ,  and a s c a r c i t y  of l a t e  Cenozoic sedimentary 

rocks a1 1 r e l a t e  t o  i n s t a b i l i t y  during the  Cenozoic (Hunt, 1956). Peripheral 

regions of the Colorado Plateau province general ly  a r e  deformed a s  a r e s u l t  

of monoclinal warping and block f au l t i ng .  We next descr ibe  two of these  

peripheral subprovinces, del ineated by H u n t  (1956), which form t h e  western 

and southwestern pa r t  of the  Colorado Plateau province. 

E.1.3.3.1 High Plateaus Section of the  Colorado Plateau Province (CP-HPS) : 

The High Plateaus of centra l  and southwest Utah form a s e r i e s  of high- 

standing (2,700-3,300 m) , NNE-trending mountain blocks t h a t  abrupt ly  r i s e  

above the eas tern  Great Basin, separating i t  from t h e  i n t e r i o r  of the  

Colorado Plateau ( f i g .  E-4). The mountain blocks a r e  general  l y  f l  at-topped 

(capped by lower Te r t i a ry  formations or  volcanic rocks) w i t h  t yp i ca l l y  

steep s ides  and intervening valleys defined by - en echelon normal f a u l t s  of 

l a t e  Ter t i a ry  and Quaternary age (Anderson and ~ o w l e ~ ,  1975; H u n t ,  1956). 

Extensive volcanism occurred during much of t h e  Cenozoic i n  t h e  southwestern 

High Plateaus and adjoining Great Basin (Rowley and o t h e r s ,  1979; Anderson 

and Rowley, 1975). The d i s t r i bu t i on  of regional ash-flow t u f f s  leads Rowley 

and others (1978) t o  conclude t h a t  d i f f e r e n t i a l  u p l i f t  of  the  High Plateaus 



FIGUREE-4rPhysiographic map o f  southwestern Utah showing 

re la t ion  of Cedar C i  t y - S t .  George area t o  High Plateaus  

sec t i on  of the Colorado Plateau province (from Anderson 

and Rowley, 1975). 



t o  form t h e  Great Basin-Colorado P la t eau  boundary occurred  some t ime a f t e r  

29 m.y. ago; s t r u c t u r a l  d i f f e r e n t i a t i o n  was appa ren t ly  underway by 26 m.y. 

ago and had produced s i g n i f i c a n t  topographic  c o n t r a s t s  by 24 m.y. ago. 

Complexity of the  Grea t  Basin-Colorado Pla teau  boundary i n  t h e  Cedar C i ty -  

S t .  George area is  d i scussed  i n  a l a t e r  s e c t i o n  on s t r u c t u r a l  geology.  

E . 1 . 3 . 3 . 2  Grand Canyon Sec t ion  of t h e  Colorado - Pla teau  Province (CP-GCS): 

The Grand Canyon s e c t i o n  of t h e  Colorado Pla teau  i n  Ar izona ,  a s  d e l i n e a t e d  

by Hunt (1956),  encompasses r e l a t i v e l y  high-standing b1 ocks o f  n e a r l y  

hor izonta l  s t r a t a  t h a t  form t h e  southwestern rim of  t h e  P l a t e a u .  r.laxirnum 

e l e v a t i o n s  a r e  l e s s  than 2,000 in, s i g n i f i c a n t l y  lower than  i n  t h e  High 

Pla teaus  s e c t i o n .  The no r the rn  p a r t  o f  t h e  Grand Canyon s e c t i o n  i s  

dominated by NNE-trending, down - to- the-wes t  normal f a u l t s  (Grand Wash, 

Hurricane, and Toroweap f a u l t s )  t h a t  cont inue  northward i n t o  Utah (Hunt,  

1956; Hamblin, 1970).  Evidence f o r  Quaternary d i sp l acemen t s  on NNE-trending 

f a u l t s  i n  t h i s  a rea  i s  d i s c u s s e d  by Huntoon (1977, 1979; s e e  a l s o  Anderson, 

1979).  Southward, t h e  s t r u c t u r a l  g r a i n  and province  boundary of t h e  Grand 

Canyon sec t ion  become p a r a l l e l  t o  Nld-trending s t r u c t u r e  o f  t h e  Sonoran Dese r t  

s ec t ion  of t h e  Basin and Range province.  



E. 1.3.4 Basin and Range-Col orado Plateau Trans i t ion  [BR-CP Trans .) . Because 

the  boundary between t he  Basin and Range a.nd Colorado Plateau provinces i n  

cen t ra l  and southwest Utah i s  t r ans i t i ona l  ( s e e  Section E . l .  2) ,  demarcation 

of t h e  two provinces i s  not s t ra ightforward.  Features of both provinces over- 

lap:  Cenozoic normal faul  t ing  extends, with dimi ni shing displacements , 

approximately 50 km i n to  the  High Plateaus sec t ion  of the  Colorado Plateau-- 

while many of t he  easternmost basin-range mountain blocks have a genera1 

plateau s t r u c t u r e  (e .g . ,  Stokes, 1977; Anderson and Rowley, 1975; Spieker ,  

1949). The Basin and Range-Colorado Plateau t r a n s i t i o n  zone depicted i n  f i gu re  

3 f o r  cen t ra l  and southwest Utah i s  based on Stokes (1977). Extrapolat ion o f  

t h i s  t r a n s i t i o n  zone outs ide  of Utah i s  uncer ta in .  West of t he  Utah-Nevada 

border the  t r a n s i t i o n  zone becomes mixed with t he  Great Basin-Sonoran Desert 

t r ans i t i on ;  i n  northwestern Arizona, the  boundary between t h e  Basin and Range 

and Colorado Plateau provinces i s  more c l e a r l y  demarcated by t h e  Grand Wash 

f a u l t  (Lucchi t t a ,  1979). 

E. 1.3.5 Great Basin-Sonoran Desert Trans i t ion  (GB-SD Trans. ) . Division of 

the Basin and Range province i n to  northern and southern s ec t i ons  was discussed 

in  Section E . l . l . ' A t r a n s i t i o n  zone between t h e  two sec t ions  of t he  province, 

f o l l  owing Zoback and o thers  (1981) and Eaton (1979),  i s  sketched i n  f i g u r e  E-3. 

Comparison w i t h  f igure  1 shows t h a t  t he  Great Basin-Sonoran Desert t r a n s i t i o n  

roughly coincides with a NE-SW trending branch of t h e  Intermountain se ismic  

b e l t  t h a t  extends across southern Nevada--following a major s t r u c t u r a l  co r r i do r  

of l a t e  Te r t i a ry  deformation t h a t  t r a n s e c t s  a nor ther ly- t rending s t r u c t u r a l  

gra in  (Anderson, 1978).The t r a n s i t i o n  zone defined a r e l a t i v e l y  amagmatic 

cor r idor  during l a t e  Cenozoic time (Anderson, 1981). Also, t h e  zone d i sp l ays  

complex s t ruc tu r a l  t i e s  between the  northern and southern sec t ions  of t he  



Basin and Range province r e l a t i n g  t o  an episode of thin-skinned extensional  

t ec ton ics  about 15 m.y. ago (Anderson, 1981), a1 though modern basin-range 

s t r uc tu r e  in the  Great Basin i s  d i s t i n c t l y  younger ( <10 m.y.) than i n  t h e  

Sonoran Desert sect ion (13-10 m.y. ) (Zoback and o t h e r s ,  1981). 



E. 2 Geologic History of Southwest Utah 

E .2.1 Pre-Cenozoic Geologic His tory  

The post-Archean, pre-Cenozoic geologic  h i s t o r y  of southwest Utah ( i  . e . ,  

i t s  h i s to ry  between 2,400 m.y. and 65 m.y. ago) i s  dominated by (1)  mar ine  

sedimentation and a  westward-facing, pass ive  con t inen ta l  p l a t e  margin d u r i n g  

Late Precambrian-Pal eomoic t ime,  and ( 2 )  i n t r a p l  a t e ,  eas tward-di rec ted ,  

compressive orogenic a c t i v i t y  during t h e  Mesozoic r e s u l t i n g  from convergent  

p l a t e  t ec ton ics  f a r t h e r  west .  Figure E-5,adapted from Stokes and Heylmun 

(1 963) provides a  usefu l  framework f o r  d i s c u s s i o n .  

Of fundamental importance i s  t h e  concept o f  t h e  Wasatch-Las Vegas Line  

( s e e  Stokes and Heylmun, 1963; S tokes ,  1976, l 9 7 9 ) ,  a l s o  r e f e r r e d  t o  a s  t h e  

Cordi l le ran  Hingeline ( e . g . ,  H i l l ,  1976, p. 6 ) - - t h e  term we adopt  here  f o r  

s impl i c i ty .  This  f e a t u r e  marks a  p e r s i s t e n t  zone of weakness i n  t h e  North 

American p l a t e ,  appa ren t ly  i n h e r i t e d  from l a t e  Precambrian c o n t i n e n t a l  r i f t -  

i n g .  I t  de f ines  an a x i s  of  d i f f e r e n t i a l  c r u s t a l  movenent t h a t  c o n t r o l l e d  

l a t e  Precambrian t o  Mesozoic-age s t r a t i g r a p h y  i n  t h e  Cordi l l  e ran  geosyncl i n e ,  

and a1 so defined where eastward-moving t h r u s t  p l a t e s  broke t o  t h e  s u r f a c e  

during Cretaceous-early T e r t i a r y  time ( s t o k e s ,  1976) .  Because of i t s  impor- 

t a n t  control on Mesozoic and Cenozoic t ec ton i sm,  t h e  Cord i l l e ran  Hingel ine  

. sepa ra te s  regions of c o n t r a s t i n g  geologic h i s t o r y .  

E.2.1.1 Precambrian-Pal eozoic Geology, The Transcont inenta l  Arch, shown i n  

 figure^-5js a  major no r theas t - t r end ing  element of t h e  North American Pre-  

cambrian cra ton  t h a t  formed an important p o s i t i v e  f e a t u r e  i n  t h e  e a r l y  Paleo-  

zo ic  (see Hintze,  1973, p .  99) . The o l d e s t  s t r a t i f i e d  rocks i n  t h e  wes tern  

United Sta tes- - inc luding t h e  Vishnu S c h i s t ,  which crops  ou t  i n  t h e  Grand 

Canyon region and i n  t h e  Beaver Dam Mountains west o f  S t .  George (Cook, 

1960; Hintze, 1973, p. 10)--form p a r t  of  t h e  c r y s t a l l i n e  t e r r a i n  of  t h i s  b e l t .  



F I G U R E  E-5. Sketch map of  some major pre-Cenozoic tectonic features  

a f f e c t i n g  southwestern U t a h  ( adap t ed  from Stokes and Heylmun, 1963). 



According t o  ex tens ive  radiometr ic  d a t i n g  and f i e l d  s t u d i e s  by S i l v e r  and 

o t h e r s  (1 977) ,  t h e s e  rocks r ep resen t  marine s t r a t a ,  d e p o s i t e d  i n  a  major 

eugeosyncl i n e  1,730-1,770 m .y .  ago, t h a t  were subseqeuent ly  metamorphosed, 

intruded by orogenic  b a t h o l i t h i c  rocks 1,700-1 ,740 m.y. a g o ,  and l a t e r  i n t r u d e d  

by anorogenic g r a n i t e s  1,410-1,465 m .y .  ago.  

In l a t e  Precambrian t ime,  miogeocl ina l  d e p o s i t i o n  ( i  .e . ,  sedimentat ion 

along a  p a s s i v e l y  subs id ing  p l a t e  margin) began along t h e  western margin 

of t h e  North American c r a t o n .  Deposition of a t h i c k  sequence (up t o  7,600 rn 

[25,000 f t ] )  of  upper Precambrian and Lower Cambrian d i a m i c t i t e s  (conglo- 

merat ic  mudstones),  t h o l e i i t i c  basal t s ,  and marine sedimentary  s t r a t a  has been 

in t e rp re ted  by Stewar t  (1972) a s  r e s u l t i n g  from r i f t i n g  o f  t h e  North American 

protocontinent  (<850 m.y. ago) .  Creat ion of  a  new westward-facing con t inen ta l  

margin marked t h e  beginning of t h e  Cord i l l e ran  geosync l ine .  Isopachs of 

upper Precambrian-Lower Cambrian s t r a t a  i n d i c a t e  ab rup t  downwarping and prob- 

a b l e  con t inen ta l  s epa ra t ion  roughly along t h e  C o r d i l l e r a n  Hingel ine  ( s e e  

Stewart ,  1972; S tokes ,  1979).  Aeromagnetic da ta  a r e  c o n s i s t e n t  with such 

framentat ion o f  t h e  Precambrian c r a t o n ;  an order-of-magnitude d i f f e r e n c e  i n  

t he  amplitude of magnetic anomalies in  e a s t e r n  Utah, a s  opposed t o  " q u i e t "  

magnetic da ta  over  t h e  Basin and Range province ,  appears  t o  be r e l a t e d  t o  

the  regional  d i s t r i b u t i o n  of buried ~recam'br ian  rocks  ( ~ i e t z ,  1980) .  

Figure E-6 (from Hintze ,  1973),  which summarizes t h e  genera l  s t r a t i g r a p h y  

o f  t h e  Cedar C i ty -S t .  George a r e a ,  i n d i c a t e s  t h e  predominance of shallow-water 

marine sedimentat ion throughout t h e  Paleozoic ,  r e f l e c t i n g  d e p o s i t i o n  in  t h e  

v i c i n i t y  of  t h e  Cord i l l e ran  Hingeline--with f a c i e s  a s s o c i a t e d  w i t h  e i t h e r  

t h e  con t inen ta l  she l f  o r  a d j o i n i n g ,  mi ld ly  n e g a t i v e ,  p la t form ( s e e  Stokes ,  

1979, and Hintze ,  1973, f o r  d e t a i l  s  of pal eogeography and pa1 eo-p1 a t e  t e c -  
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t o n i c s ) .  For example, Lower Paleozoic rocks (Prospect  Mountain q u a r t z i t e ,  

Pioche shale ,  and overlying carbonates)  exposed i n  t h e  Beaver Dam Mountains 

west of S t .  George, which a r e  important exposures because of t h e i r  i so l a t i on  

from co r r e l a t i ve  rocks by considerable d i s tances ,  represen t  a  t ransgress ive  

assemblage along t he  miogeocl ine-craton hinge1 ine  (Hintze,  1963). 

During Late Devonian and Mississippian t ime, t he  Antler  orogeny produced 

compression, u p l i f t ,  and eastward th rus t ing  i n  t h e  western par t  of t h e  Cordil- 

l e r an  geosyncline, c h i e f l y  a f f ec t i ng  t h e  area  of western and cen t ra l  Nevada; 

only mild folding occurred in western Utah and pa r t s  of t h e  Colorado Plateau 

c  ha we and o the r s ,  1978; Stokes,  1979).  During t he  Pennsylvanian period and 

continuing i n to  t he  Permian, a reas  of  t he  eas te rn  Great Basin were a f fec ted  

by the  development of northwest-trending downwarps and u p l i f t s  t h a t  acco.mpanied 

t h e  Ancestral Rocky Mountains orogeny, t h e  e f f e c t s  of which were most in tense  

t o  the  eas t  and southeast  of t he  Utah region (Stokes,  1979; Hintze, 1973). 

The Pennsylvanian Kaibab u p l i f t   fig.^-5)formed in  northern Arizona and 

southern Utah a t  t h i s  time (Stokes and Heylmun, 1963). 

E.2.1 .2 -- Mesozoic History.  The unconformity (or more co r r ec t l y ,  t h e  discon- 

formity) shown i n  fig. E-6 a t  the  base of t h e  T r i a s s i c  Moenkopi Formation 

r e f l e c t s  a  major change from marine depos i t ion ,  which pers i s ted  i n  Utah i n to  

Early Tr iass ic  t ime, t o  c h i e f l y  cont inenta l  deposi t ion by Late T r i a s s i c  

time. Profound change accompanied reversal  of re1 i e f  of t h e  Cordil l  eran 

geosyncline i n to  t he  Sevier  o rogen ic 'be l t  during t h e  Mesozoic e r a ,  w i t h  most 

pronounced orogenic e f f e c t s  i n  Utah during t he  l a t e s t  Ju r a s s i c  and Cretaceous 

periods (Armstrong, 1968; Hintze, 1973).  Thus a reas  t o  t h e  west of t h e  

Cordil leran Hingeline became pos i t i ve  while those  t o  t h e  e a s t  became nega- 

t i v e ,  receiving sediments. In fig. E-5 the  up l i f t ed  a rea  i s  i den t i f i ed  a s  

E- 17 



t h e  Mesocordil l e ran  Highland (a1 so r e f e r r e d  t o  a s  t h e  S e v i e r  Geanticl i n e ,  

e .g . ,  Hintze,  1973).  A companion up1 i f t e d  a r e a ,  t h e  Mogol lon  Rim, appears  

t o  have o r ig ina ted  i n  t h e  middle T r i a s s i c  a t  about t h e  same t ime a s  t h e  

Mesocordi l leran Highland; t h e  Mogollan Rim became t h e  southwestern margin 

of  T r i a s s i c ,  J u r a s s i c ,  and Cretaceous sedimentary basins--while  a  r e l a t i v e l y  

low area  between t h e  Mogol l a n  R i m  and t h e  Mesocordill eran Highland ( t h e  

Grand Canyon Bight i n  f ig .E75)received t h i c k  accumulations o f  Upper T r i a s s i c ,  

J u r a s s i c ,  and Cretaceous sediments  (Stokes and Heylmun, 1963).  

Continental depos i t ion  in  southwest Utah i n  Late T r i a s s i c  time involved 

both eastward-spreading d e t r i t u s  from orogenic highlands in  western Nevada 

and C a l i f o r n i a ,  a s  well a s  d e t r i t u s  from u p l i f t s  t o  t h e  e a s t  and southwest 

   ha we and o t h e r s ,  1978; Hin tze ,  1973, p. 57 ) .  A r i d i t y  i ,n t h e  l e e  of t h e  

Mesocordil l e r a n  Highland, combined w i t h  a  surrounding o f  t h e  Colorado Pla teau  

region  by up1 i f t s ,  r e s u l t e d  i n  depos i t ion  of Late T r i a s s i c  f l u v i a l  -1acus t r ine  

red beds ( s t o k e s ,  1979). 

The dominance of continued con t inen ta l  depos i t ion  i n  southwest Utah 

through most of  t h e  e a r l y  J u r a s s i c  i s  r e f l  ected by t h e  Navajo sandstone 

( f i g .  E-6) with i t s  l a rge - sca l  e  cross-bedding of sand-dune o r i g i n .  Middle 

and Upper J u r a s s i c  marine s t r a t a  of t h e  Carmel Formation a r e  i n t e r p r e t e d  t o  be 

r e l a t e d  t o  marine invasion by a s o u t h e r l y  extending tongue of  a  shal low e p i -  

con t inen ta l  sea t h a t  was connected t o  a P a c i f i c  Ocean through Canada o r  Alaska; 

t h e  extens ive  Upper J u r a s s i c  Morrison Formation, o f  con t inen ta l  o r i g i n ,  d id  

not  extend i n t o  southwest Utah ( s e e  Hintze ,  1973, p .  59-67). 

D u r i n g  t h e  Cretaceous, t h e  l a s t  ep icon t inen ta l  sea  i n  Utah, which had 

spread northwestward from t h e  Texas coas ta l  p l a i n ,  was bounded on t h e  west 

by t h e  l4esocordilleran Highland. Cretaceous s t r a t a  i n  southwest Utah r e f l  e c t  



t y p i c a l  marginal-marine, c o a s t a l - p l a i n  cond i t i ons  immediately e a s t  o f  t h e  

S e v i e r  orogenic be1 t .  The t h i c k  Cretaceous s t r a t i g r a p h i c  s e c t i o n  ( f i g  .E-6) , for  

example, inc ludes  marine sands tones  and s h a l e s ,  coa l -bea r ing  s t r a t a ,  and 

occasional  i n t e rca l  a t i o n s  o f  1  ocal  l y  c o a r s e  d e p o s i t s  d e r i v e d  from t h e  Sevi e r  

orogenic  highlands t o  t h e  wes t .  

The Mesocordill e ran  High1 and dep ic t ed  i n  fig. E-5 r e s u l  t e d  from s t r o n g  

f o l d i n g  and l a r g e - s c a l e  eastward t h r u s t i n g  dur ing  t h e  S e v i e r  orogeny,  prob- 

a b l y  involving f o r e s h o r t e n i n g  o f  s eve ra l  t e n s  of  k i lome te r s  ( ~ r r n s t r o n ~ ,  1968) .  

According t o  Armstrong (1  968) t h e  Sev ie r  orogeny occurred  throughout  t h e  Cre- 

taceous  per iod .  S e v i e r  t h r u s t i n g  i n  southwestern Utah had probably te rmina ted  

by l a t e s t  Cretaceous t ime (Shawe and o t h e r s ,  1978; Armstrong, 1968; S tokes  and 

Heylmun, 1963) ,  a l though e l sewhere  i n  t h e  so -ca l l ed  Idaho-Wyoming-Utah f o r e -  

1  and t h r u s t  be1 t t h e r e  i s  over1 ap with compressional t e c t o n i c s  g e n e r a l l y  

a s c r i b e d  t o  t h e  Lararnide orogeny dur ing  l a t e s t  Cretaceous-Paleocene-Eocene 

t ime (Burchfiel  , 1980) .  E f f e c t s  of t h e  Laramide orogeny ex tended  well  i n l and  

(eas tward)  of t h e  f o l d  and t h r u s t  b e l t .  



Chief elements of t h e  Cenozoic his tory  of southwestern Utah, i - e . ,  i t s  

h is tory  from 65 m.y. ago t o  t he  present ,  include (e-g., Shawe and o the r s ,  1978, 

p. 3 )  : "extensive volcanism, pl utoni sm, and cont inenta l  sedimentation i n  local 

basins,  and i n  l a t e r  s tages  regional u p l i f t ,  block f a u l t i n g ,  and a t t endant  

continental  sedimentation." Another important element i s  t h e  s t r u c t u r a l  

d i f f e r en t i a t i on  between t he  Colorado Plateau and Basin and Range provinces. 

For tui tously ,  some exce l len t  de ta i l ed  summaries of these  var ious  aspec t s  of 

the  Cenozoic geology of southwestern Utah have been r ecen t ly  published. These 

notably include: (1 )  a comprehensive summary of t he  s t r a t i g r a p h i c  and s t ruc tu r a l  

framework of southwestern Utah by Rowley and o thers  (1978) ; ( 2 )  a guidebook 

edited by Shawe and Rowley (1978) t h a t  focuses on economic mineral depos i t s  

i n  southwestern Utah, but whi.ch includes an informative geologic overview; and 

(3) various pub1 i ca t i ons  by R.E. Anderson and co71eagues t h a t  focus on the  

Quaternary tec ton ics  of southwestern Utah, p a r t i c u l a r l y  a s  re levan t  t o  problems 

of ac t ive  f au l t i ng  and earthquake hazards (e.g . , Anderson, 1981,1979, 1978; 

Anderson and Mehnert, 1979; Anderson and Bucknam, 1979; Zoback and o the r s ,  1981). 

FigureE-7from Zoback and o thers  (1981), provides an up-to-date synthesis  

of Cenozoic p l a t e  t ec ton ic  elements and magmatic pa t t e rn s  i n  t h e  western U.S. t h a t  

i s  useful f o r  placing the  h i s t o ry  of southwestern Utah i n  a regional  perspective. 

One introductory comment i s  required.  During t h e  Laramide orogeny (ca.  80-40 m.y. 

ago), there  was a prominent absence of cal c-a1 kal i n e  volcanism throughout most 

of the  western U.S. landward of a west-coast subduction zone; t h i s  absence of 

magmati sm, together  with t h e  g r ea t  inland ex ten t  of compressional Laramide 

tectonism, have been a t t r i bu t ed  t o  long-continued, very low-angle subduction 

along the  western p l a t e  boundary ( see  Zoback and o t h e r s ,  1981). 
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Between about  40 and 20 m.y. ago a f t e r  ce s sa t ion  o f  t h e  Lararnide orogeny-- 

coinciding with changes i n  world-wide p l a t e  motions (Coney, 1978)- -ca lc -a lka l ine  

volcanism sys t ema t i ca l ly  swept west t o  southwestward a c r o s s  t h e  Laramide 

magmatic gap ( f i g .  E-7a) Zoback and o t h e r s  (1981) p re sen t  evidence f o r  e a r l y  

extensional  tectonism concurren t  wi th  t h e  c a l a - a l k a l i n e  volcanism i n  a n  

. " i n t r a - a r c "  o r  back-arc" s e t t i n g .  

Between about  20 and 30 m.y. ago,  a r idge- t rench  c o l l i s i o n  along t h e  

western North American p l a t e  caused major t e c t o n i c  changes i n  t h e  western U.S., 

including formation of t h e  San Andreas t ransfonn boundary ( ~ t w a t e r  , 1970). 

Northward migrat ion of a t r i p l e  j unc t ion  along t h e  San Andreas boundary a f t e r  

about 20 m.y. ago  fig.^-7b)produced t h e  fol lowing impor tan t  changes i n  t h e  

Basin and Range region (Zoback and o t h e r s ,  1981; Eaton, 1979) :  (1) replacement  of 

ca1 c-a1 kal ine  volcanism by basal  t i c  vol canisrn i n  t h e  southern  Basin and Range 

region by about 20 m.y. ago; ( 2 )  i n i t i a t i o n  o f  s i g n i f i c a n t  ex t ens ion  i n  t h e  

southern B a s i n  and  Range reg ion  by about 20 m.y. ago, wi th  i n t e n s i v e  NW-trending 

basin-range b lock  f a u l t i n g  i n  t h a t  reg ion  13-10 m.y. ago; (3) widespread 

i n i t i a t i o n  of b a s a l t i c  volcanism t h r o u g h o u t  the no r the rn  Basin and Range r eg ion  

a t  about 17,m.y. ago;, and ( 4 )  development o f  modern NNE-trending bas in- range  

block f a u l t i n g  in  t h e  nor thern  Basin and I?ange reg ion  a f t e r  10 m.y. ago. 



With the  above-outlined scenario i n  mind, much of the  complex Cenozoic 

geology of southwestern Utah can be r e l a t ed  t o  t h r ee  general s tages:  (1)  

e a r ly  Ter t i a ry  (ca .  65-35 m.y. ago) sedimentation i n  broad basins formed by 

local  warping e a s t  of t he  Sevier orogenic highlands during Laramide t ime, 

( 2 )  middle Ter t i a ry  (ca .  35-20 m.y. ago) calc-a1 kal i ne  magmatism along ENE- 

trending igneous b e l t s ,  and (3 )  l a t e  Cenozoic ( ~ 2 0  rn.y. ago) bimodal ba sa l t -  

r hyo l i t e  volcanism and extensional tectonism. 

Figure E-8,from Rowley and others (1979), provides a s impl i f i ed  overview 

of some elements of the  Cenozoic geology of southwestern Utah. More than 

300 m of f l  uv ia l - l acus t r ine  s t r a t a  accurnul a ted i n  a  broad eas te r ly - t rend ing  

deposit ional  basin in southwest Utah during l a t e s t  Cretaceous(?) t o  perhaps 

middl e 01 i  gocene time (Row1 ey and o the r s ,  1979). The Paleocene-~ocene Cedar 

Breaks Formation ( f i g  .E-6)exposed near Cedar City was depcsi ted  i n  t h i s  bas in ,  

which did not extend as  f a r  south as S t .  George. 

In middle Ter t i a ry  t ime, the  southward migration of ca lc -a lka l ine  magma- 

tism t h a t  swept through Nevada and western Utah  fig.^-7a)produced ex tens ive  

andesi t i c  and rhyol i  t i c  volcanism (accompanied by grani  t o id  in t rus ions)  i n  

roughly east- trending b e l t s ,  each successively younger t o  t he  south (Stewart  

and o thers ,  1977). Cal c-a1 kal ine igneous rocks i n  southwest Utah, which 

nearly a l l  range in age from about 35 m.y. t o  19 m.y.  o ow ley and o the r s ,  

1979; see a l so  fig,E-6) def ine  one of these  be l t s - -a  broad zone of Oligocene- 

Miocene magmatism between roughly 37"N and 39"N 1at i" tude ( see  Shawe and 

o thers ,  1977). Within t h i s  broad zone i n  southwest Utah, two d i s t i n c t  ENE- 

trending be1 t s  of mineralization are  recognized ( s e e  fig.E-8): the  Pioche- 

Marysvale be1 t and t he  Del amar-Iron Springs be1 t (Shawe and o thers ,  1978). 
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GURE E-8. 
Physiographicfeaturesand m a j o r s t n ~ c t u r s l  f ea tu res  o f s o u t h r e s t e r n  U t a h .  Bas in  a n d  Rznge  - Colorado P l a t e a u s b o u n d a r y s h o w n  

by heavy short-dashed line; P a r a n t  Range, T u s h a r  Mounta ink ,  a n d  n a m e d  p l a t e a u s  belong to t h e  High P l a t e a u s  s u b p r o v i n c e  C e n t r a l  par t  
of P ioche-bfa rys ra le  igneous bel t  on nor th ,  a n d  of De lemar - I ron  Spr ings  igneous bel t  on s o ~ l t h . p a t l c r n c d .  Dot-dash line. east edge  ofmnjor 
Sev ie r  t h r u s t  faul ts .  modified from Croaby 11973). H e a v y  long-dashed 11nes. a x e s  o f l i n c a n ~ e n t s .  consis t ing f rom nor th  to  s o u t h  of t h e  Black 
Rock. Blue Ribbon, a n d  Tirnpahute l ineaments .  F i n e  dashed  l ine on t he  nor th .  approx imate  m i n i m u m  boundar ies  of depos i t iona l  bas ins  of 
t h e  N o n h  Horn to Crazy Hollow Formations;  t o  the  s o u t h ,  the Cla ron  Format ion  a n d  related rocks. T u s h a r  h i g h l a n d  is between them.  A. 
Antimony;  8. Boulder; Be. Eeaver;  C. Circleville; CC, C e d a r  City; CF, Cove Fort ;  E, Enterprise;  Es, Escalnnte;  F. Fil lmore;  ti, Hurr icane ;  K. 
K a n a h ;  L. Loa; M. Minersville; Ma, Marysvale;  Mi. Milford; P. P o n y i t c h ;  Pa. P a r o a a n ;  R. Richfield; S .  S t n t e l i n e  m i n i n g  dis tr ic t ;  Sa. 
Sal ina ;  SG, St. George. 

(From Rowley and others, 1979) 



Ash-flow t u f f  shee t s  o r ig ina t ing  from volcanic cen t e r s  i n  the  Pioche- 

Marysvale and Delamar-Iron Springs igneous b e l t s  were widespread i n  southwest 

Utah during middle Ter t i a ry  time. Indeed, t h e i r  d i s t r i b u t i o n  provides 

c r i t i c a l  evidence for  timing the  s t ruc tu r a l  d i f f e r e n t i a t i o n  between the  

Colorado Plateau and Basin and Range provinces. Regional da t ing  of ash-flow 

t u f f s  suggests t ha t  the  provinces became s t r u c t u r a l l y  separa te  some time 

a f t e r  29 m.y. ago, and t h a t  ve r t i c a l  movements on boundary f a u l t s  along t he  

west s i de  of the  Colorado Plateau began about 26-18 m.y. ago i n  l a t e  Oligocene- 

e a r l y  Miocene time (Rowley and o the r s ,  1978, 1979; Best and Hamblin, 1978). 
/ 

Movement on the Hurricane f a u l t  may not have been so  e a r l y .  Although Rowley 

and others  (1979) associated the  Hurricane f a u l t  with the  Basin and Range- 

Col orado Pl ateau boundary (see f i g .  E-8) Andreson and i4ehnert (1 979) argue 

otherwise and suggest t h a t  major movement on t he  Hurricane f a u l t  was 

probably post-Miocene. 

During l a t e  Cenozoic time (<20 m.y. ago) ,  basal t i c  volcanism, regional 

u p l i f t ,  and extensional tectonism dominate the  geology of southwestern Utah. 

Some important aspects of b a s a l t i c  volcanism i n  the  general region surrounding 

t he  Cedar City-St. George area  include (Best and Hambl i n ,  1978; Rowley and 

o the r s ,  1979): (1 ) a h ia tus  of several  mill ion years  between t he  end of 

mid-Tertiary ca lc -a lka l ine  volcanism and t he  inception of b a s a l t i c  volcanism; 

( 2 )  the  occurrence of r e l a t i v e l y  i s o l a t e d ,  low-volume basal t i c  f i e l d s ,  

pa r t i cu l a r l y  i n  the boundary region between the  Basin and Range and Colorado 

Plateau provinces, without 1 arge cen t ra l  volcanic complexes ; (3) representa- 

t i v e  ages ranging from about 13  m.y. t o  0.5 m.y. f o r  b a s a l t i c  volcanic 

f i e l d s  in the  eastern Basin and Range province t o  be t h o l e i i t i c ,  whereas 

ba sa l t s  on the Colorado Plateau a re  more a l k a l i c  and undersa tura ted--poss ib ly  



r e f l ec t i ng  d i f f e r i ng  regimes of upper-mantle magma generat i  on. Basal t i c  

f i e l d s  i n  the  immediate v i c i n i t y  of S t .  George a re  discussed by Hambin and 

others  (1981 ) and by Hamblin (1970b). 

The h i s to ry  of extensional  f au l t i ng  and bas in - f i l l  sedimentation i n  

southwestern Utah i s  c l e a r l y  complex. There seems t o  be agreement t h a t  t he  

present-day topography of t he  northern Basin and Range province did  not 

develop before 10 m.y. ago (Zoback and o thers ,  1981 ; Stewart ,  1978). How- 

ever ,  pre-basin-range extension (now recognized by f au l t ed  and t i 1  t e d  s t r a t a  

exposed in up1 i f t e d  range blocks) was under way l oca l l y  i n  t h e  Basin and 

Range province by a t  l e a s t  30 m.y. ago (Zoback and o t h e r s ,  1981). A major 

episode of pre-basin-range, thin-skinned extensional normal f a u l t i n g  a f fec ted  

rocks now exposed in the  Beaver Dam and Bull Valley Mountains west o f  S t .  

George between about 15 and 11 m.y. ago (Anderson, 1981). 

In the High Plateaus subprovince of the Colorado Pla teau,  major block 

f au l t i ng  was under way by 20 m.y. ago, and from about 20 m.y. ago t o  7 m.y. 

ago the High Plateaus were character ized by both f au l t i ng  and broad warping 

(Rowley and o the r s ,  1979). Bas in- f i l l  from erosion of f a u l t  blocks has 

been dated t o  be a t  l e a s t  a s  old as  14 m.y. in the  High P la teaus ,  and as  

old as 10 m.y. in the .nor thern Basin and Range province--although the  o lde s t  

ages of bas in - f i l l  might be about 20 m.y. a n d  15 m.y., r espec t ive ly ,  i n  the  

two regions  o ow ley and o the r s ,  1979; Zoback and o the r s ,  1981). Pliocene 

bas in - f i l l  in the  Cedar City-St. George area i s  i d e n t i f i e d  i n  the  s t r a t i g r a p h i c  

column of fig. E-6 as the  Muddy Creek Formation. 

Relative ve r t i c a l  motions between the  eas tern  Basin and Range province 

and the Colorado Plateau introduce addi t ional  complexity. Observed u p l i f t  and 

northeastward t i l t i n g  of the  western margin of the  Colorado Plateau may r e l a t e  

t o  a broad upwarping t h a t  involved t he  e n t i r e  Basin and Range province during 
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l a t e  Cenozoic time; i f  s o ,  then r e l a t i v e  down-dropping of t h e  eas te rn  Basin 

and Range province must h a v e  accompanied co l lapse  of the  upwarp by f a u l t  

fragmentation (see Best and Harnbl i n ,  1978).  In any case,  b o t h  provinces 

a re  now r i s i n g ,  b u t  the western Colorado Plateau i s  r i s i n g  a t  a s i gn i f i c an t l y  

f a s t e r  r a t e  (Harnbl in and others ,  1981 ) .' 



E .3 STRUCTURAL GEOLOGY 

E.3.1 General Structure of Study Area 

FigureE-9gives an overview of the general s t ructure of the  Cedar City- 

S t .  George area,  which i s  dominated by N -  t o  NNE-trending f a u l t s  t h a t  deform 

a complex boundary region between the eastern Great Basin and the  higher-standing 

western Colorado Plateau t o  the eas t .  East-west structural sec t ions  in  f igure E- 

10 (from Best and Hamblin, 1978) i l l u s t r a t e  differences across  the province 

boundary in northwestern Arizona (section B - B '  ) compared t o  southwestern Utah 

(section A - A '  ) , as  one passes from the Grand Canyon section t o  the  High Plateaus 

section of the Colorado Plateau. Section B - B ' ,  50-60 krn south of the Utah- 

Arizona border, shows the r e l a t ive ly  simple s t ructure of the  Grand Staircase-- 

a ser ies  of northeastward-tilted f a u l t  blocks bounded by major down-to-the-west 

normal fau l t s .  Northward into Utah, section A-A'  (about 30 km north of Cedar 

City) shows more "ragged" fau l t ing  across the province boundary involving 

horsts, grabens, and ramp structures  with scissor-1 i ke displacement ( ~ e s t  and 

Hambl in,  1978). 

I n  northwestern Arizona, the Grand Wash f a u l t  forms the boundary between 

the Basin and Range and Colorado Plateau provinces (section B - B ' ,  f ig . ,~- lo) .To 

the north of the Utah border, the province boundary i s  l e s s  well defined. 
Cedar Pocket Can on- 

Anderson and EIehnert (1979) in te rpre t  t ha t  i t  followr, the Gunlock-Veyo Tau1 t 1 
( the northern continuation o f  the Grand Wash f a u l t ) ,  t h e n  passes north of the 

-Paragons h 
Pine Val 1 ey Mountains to  join the Hurricane-Parowan/monocl i ne-faul t system near 

Cedar City (see fig.E-9). T h u s  en echelon - stepping of the province boundary 
Cedar Pocket Canyon- -Paragonah 

from the Gunlock-Veyo f a u l t  t o  the Hurricane-Parowan/ s t r u c t u r e  a t  roughly 
4 

l a t  37.5'~ forms a s t ructural  block encompassing the Pine Valley Mountains and 

the S t .  George Basin. This s t ructural  block (fig.E-9)is mildly warped, cut 
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FIGURE E-9. Geologic sketch map showing s t r u c t u r a l  ove rv iew  o f  Cedar C i  ty-St.  George 
study area  (from Anderson and Mehnert, 1979).  HF i nd i ca t e s  Hurricane f a u l t ;  P F ,  
Paragonah f a u l t ;  V A ,  Virgin a n t i c l  ine ;  KA, Kanarra a n t i c l  ine ;  SA, Shurtz Creek 
a n t i c l  i ne ;  C P ,  Cedar City-Parowan monocl ine .  D i s t r i bu t i on  o f  upper Cenozoic 
basal t i c  lava  flows shown i n  black. 
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FIGURE E-10. East-west s t r uc tu r a l  sec t ions  (from Best and Hanlbl i n  , 1978) 
i l l u s t r a t i n g  changing s t r u c t u r a l  s t y l e  across t he  Basin and Range- 
Colorado Plateau province boundary along s t r i k e  i n  southwestern Utah 
( A - A ' )  and northcestern Arizona ( B - B ' ) .  Section A-A '  located 30 krn 
north of Cedar City, Utah; B - B ' ,  50-60 km south of Utah-Arizona border. 
QTb, Tb, basal t i c  flows; T v  undi f fe ren t ia ted  01 igocene a n d e s i t i c  vol-  
canic  f i e l d s ;  Tw, Eocene Wasatch Formation. 



by f a u l t s  of r e l a t i ve ly  small dispacement, and i s  marked by t h e  absence of 

any prominent basin-range graben structure--suggesting a f f i n i t y  w i t h  the  Colo- 

rado Plateau province (Anderson and Mehnert, 1979). 

The Hurricane f a u l t  i s  the  most prominent s t r u c t u r e  i n  t h e  study area .  

Anderson and Mehnert (1979) provide an extensive review of geological  data 

re levant  t o  the  Utah segment of t he  f a u l t .  Their i n t e r p r e t a t i o n ,  however, 

t h a t  the  to ta l  normal displacement on the  f a u l t  in Utah is only 600-850 m 

has been modified ( R . E .  Anderson, personal communication t o  W - 3 .  Arabasz, 

January 1982) a f t e r  access t o  conf ident ia l  oi  1 -company data  t h a t  requ i re  

the  t o t a l  displacement t o  be a t  l e a s t  2,000 m. Given cur ren t  displacement 

r a t e s  of the order of 300-500 m/m.y. along t he  northern Hurricane f a u l t  

( ~ ~ ~ e n c l i x ~ .  3.4),  such t o t a l  d i sp l  ace~nent can s t i l l  be accoinmodated ch i e f l y  

in  quaternary and Pliocene time. 

Eastward-directed t h r u s t  f a u l t s  and re la ted  fo lds  of Cretaceous age 

associated with the Sevier orogeny have a f fec ted  pre-Cenozoic rocks i n  

southwestern Utah. The eas te rn  l i m i t  of major th rus t ing  ( see  Rowley and 

o thers ,  1979) passes near the  northwestern extremity of  fig. E-9. The leading 

edge of the Sevier disturbed b e l t ,  however, d i r e c t l y  a f f ec t ed  t h e  study area 

where N E -  or NNE-striking overturned and open fo ld s ,  some l o c a l l y  t h r u s t  

f au l t ed ,  were formed in  a b e l t  pa r a l l e l  t o  t he  f ron t  of major t h ru s t i ng  

(Rowley and o thers ,  1979). These include t h e  Virgin and Kanarra a n t i c l i n e s  

 fig.^-9) Anderson (1980) and Anderson and Mehnert (1979) review t h e  influence 

of pre-Quaternary s t ruc tu r e  on t he  NE-trending f a u l t  f a b r i c  of t h e  study area .  



E. 3.2 Structure in the Cedar City Area 

SCS dams Greens Lake Numbers 2, 3, and 5, located south of Cedar City, lie 

within a complicated structural region bridging the northernmost, well defined seg- 

ment of the Hurricane fault, 15  km south-southwest of Cedar City, with the Parawon- 
Paragonah 

/fault, about 35 k m  northeast of Cedar City (see fig. E-9) (Threet, 1963; Anderson and 

Bucknam, 1979; Anderson and Mehnert, 1979; Averitt, 1964; Averitt and Threet, 1973). 

Threet (1963) describes the situation: 

t t  . . . . .the Neogene Hurricane fault cannot be extended properly along the 

plateau margin behveen Cedar City and Paragonah; instead, a Neogene 
monocline controls the plateau margin geomorphology in that segment. 
The northwestward-throwing monocline intersects the eas t  flank of the 
Laramide Kanarra fold, a few miles noi-th of Cedar City, in a remarkably 
well documented case of oblique unfolding. . . . . " (Threet, 1963, p. 11 0). 

Figure E-11, combining illustrations from Threet (1963) and Anderson and Buclmam 

(1979) shows the combination fault-monocline structure. 

A detailed geologic map (scale 1:24,000) of the a rea  of interest  surrounding Cedar 

City has beer, published by Averitt and Tnreet (1973). A s  par t  of this study, detailed 

photointerpretation and field mapping and exyloration were conducted in the immediate 

Cedar City area. The results  of the photointerpretation, pa r t  of a larger  study of the 

Hurricane fault in southwester!l Utah conducted a s  part  of this study, i s  discussed in 

detail in Chaptern7 of the report and shown on figure IV-2 (scale 1 :62,500). The re-  

sults of the field mapping and exploration in the Cedar City a r ea  is discussed in  detail 

in ChapterVIII-A and B of the report  and shown on figure VITI-I (scale 1:24,000), 

In summary, the results of detailed photointerpretation and field mapping and 

exploration in the immediate Cedar City area  indicate the structure described above is 

furthcr complicated along the Hurricane Cliffs below Lone Tree  Mountain by large  

scale, complex landsliding, and possibly some basalt flows, which underlie the escarp- 

ment in this area. As shown on figure VI-1, recent t races  of the Hurricane fault 

apparently cut the landslide deposits and l ie  somewhat upslope f rom the present topo- 

graphic break-in-slope a t  the base of the Hurricane Cliffs south of Cedar City. These 

t races  apparently exit the escarpment in the vicinity of Greens Lake Dams Numbers 2 

and  3 ,  b u t  cannot b e  t raced on  air  ~ h o t o s  t o  the  no r th  across t h e  recen t  

alluvial fan deposits that  underl ie t he  dams. 



FIGURE E-ll..Map of Cenozoic structural elements of t he  Markagunt Plateau near Cedar City 
(from Threet, 1963). Inset (from Anderson and Buckpam, 1979) i l l u s t r a t e s  NE-trendin 
monoclinal flexure t h a t  serves as a structural b r ~ d g e  between the Paragonah f a u l t  PF) 
a n d  the Hurricane fau l t  (HF) .  CC = cedar 'ci ty;  P ,  Parowan. 
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Southwest of Cedar City, fault traces cut Pleistocene alluvium and locally over- 

lying basalt, and may cut late Pleistocene colluviunl along the east side of Cross 

Hollow Hills (see figure VTTI-1). These fault traces and associated a i r  photo linea- 

ments can be mapped discontinuously to the southwest along the east  side of North 

Hills to a projected intersection with the main Hurricane fault near Murie Creek (see 

figure JY-2), This relationship suggests that the alluvial valley(s) southwest of Cedar 

City between the Hurricane Cliffs and Cross Hollow - North Hills may be a late Pleisto- 

cene graben, herein called the Shurtz Creek Graben (see figure N-2), similar to those 

located northeast of Cedar City along the southern part of the Paragonah fault (figure 

E-11). 

E. 3 . 3  Structure in the Hurricane -Frog Hollow Area 

The SCS Frog Hollow Dam is located southeast of Hurricane in the relatively 

flat upland area of the Grand Canyon Section subprovince of the Colorado Plateau 

Provin~,,  east  of the Hurricane Cliffs. The structure of interest in this a rea  is the 

Hurricane fault which passes approximately 3 km west of the dam. Localized Quat- 

ernary basaltic volcanism has occurred west and southwest of the dam. 

As part of this study, detailed photointerpretation and field mapping were con- 

ducted in the immediate Frog Hollow area. The results of these investigations a r e  

discussed in detail in Chapter VIlT-F of the report and shown in Figure VIII-3 (scale 

1:24,000). 



E .3.4 Structure in the St. George Area 

SCS dams Gypsum Wash, Warner Draw, and Stucki a r e  located southeast of St. 

George along the southeast side of the alluviated Washington Fields adjoining the west- 

ern edge of Warner Ridge. The structure of primary interest in this area  i s  the Wash- 

ington fault, a NNW-trending, down-to-the-west normal fault that crosses the eastern 

part  of the St. George basin (fig. E-12) passing within 0 to 1225 m of one o r  more of 

the dams. The Washington fault extends approximately 68 km from just north of the 

town of Washington, southward with increasing displacement into northwest Arizona 

(Dobbin, 1939; Cook, 1960; Cook and Hardman, 1967; Hamblin, 1970a, b) Best and 

Hamblin, 1978; MTilson and others, 1969). Vertical displacement on the Washington 

fault has been estimated to range from several hundred feet (a few hundred meters) 

near the Virgin River, where the fault breaches the northeast-trending pre-Quaternary 

Virgin anticline, to 2,500 feet (760 m) at  the Arizona state line (Dobbin, 1939; Cook 

and Hardman, 1967). 

As part  of this study, detailed photointerpretation and field mapping and explor- 

ation were conducted in the immediate area of the SCS Dams. The results of these 

investigations a r e  discussed in detail in ChapterVm C, I), and E of the report and 

shown on %gut% VJX-2 (scale 1 :24,000). In summary, the results of the detailed photo- 

interpretation and field mapping and exqdoration in the Gypsum Wash - Warner Draw - 

Stucki area  indicate that the Washington fault displays probable early Holocene, normal, 

east-side-up displacement in the vicinity of Gypsum Wash Dam. 

E. 3.5 Structure in the Ivins Area 

The Ivins area,  which includes the Ivins Bench Diversions, lies in the St. George 

Basin within a structural block bounded on the west by the horthern extension of the 

Grand Wash fault (designated the Cedar Pocket Canyon - Gunlock fault in fig. E-13 and 

the Gunlock-Veyo fault in fig. E-9) (Cook, 1960; Dobbin, 1939; Anderson and Mehnert, 

1979; Best and Hamblin, 1978) is part  of a major fault zone which i s  mapped as extend- 

ing to the vicinity of Grapevine Wash in northwestern Arizona (Wilson and others, 1969). 



FIGUREE-12. Geological map of the area o f  t h e  Uashington f a u l t  east  of S t .  George. 
Utah (from Cook, 1960). Section lines define scale.  



The total mapped length of the Grand Wash - Cedar Pocket Canyon - Gunlock fault 

zone is approximately 159 km. . The structural block between the Hurricane and Grand 

Wash faults in the St. George area has been uplifted a t  least 64 m/m. y. in late Ceno- 

zoic time (Hamblin and others, 1981). In addition to the Grand Wash and Hurricane 

faults, other faults of interest in the Ivins area include the Washington fault, located 

approximately 16 km east-southeast and a 20 km long zone of suspected Quaternary 

faulting (see Appendix F, figure F-7) traced by Anderson and Miller (1979) on the basis 

of unpublished mapping made available to them by W. K. Hamblin, located approxi- 

mately 10 km east-northeast. 

As part of this study, detailed photointerpretation and field mapping and explor- 

ation were conducted in the immediate Ivins area. The results of these investigations 

a r e  discussed in detail in CllapterVIII G of the report and shown on figure Vm-4 (scale 

1:24,000). 



ARIZONA 

FIGUREE-13. Geo log i ca l  map o f  the I v i n s  area northwest o f  S t .  George, Utah 
( f r om  Cook, 1960). S e c t i o n  1 ines d e f i n e  sctlle-. 





APPENDIX F 

HISTORIC SEISMICITY AND LATE QUATERNARY FAULT ACTIVITY 

F .1 Regional Seismicity 

F. 1.1 General Features 

F. 1.2 Historical Earthquake Record for Southwestern Utah 

I?. 1.2.1 Largest Historical Earthquakes in Southwestern Utah and 
Vicinity 

F. 1.2.2 Swarm Seismicity in Southwestern Utah 

F. 1.3 Detailed Instrumental Seismicity in Southwestern Utah 

F. 2 Seismotectonics and Earthquake Hazard Evaluation 

I?. 2.1 Implications of Current Geological Studies 

I?, 2.1.1 Identification of Active Faults 

F .2.1.2 Late Quaternary Versus Holocene Faulting 

F. 2.2 Implications of Current Seismological Studies 

F. 2.2.1 Listric Faulting and Problematic Correlation of Seismicity 
witn Geologic Structure 

F. 2.2.2 Implications of Swarm Occurrence 

F. 2.2.3 Focal Mechanisms and Stress Orientation 

F. 2.2.4 Measurements of Ground Response in the Cedar City Area 

F. 3 Earthquake Recurrence and Fault Activity Rates 

F. 3.1 General Statement 

F .3,2 Earthquake Frequency Versus Magnitude 

F. 3.3 Seismic Moment Rates 

Earth Sciences Associates 



FIGURES 

Title No. - 

F-1 

F-2 

Map of Intermountain Seismic Belt 

Schematic Outline of Seismicity Domains Related to Compilations of 
Regional Seismicity in Vicinity of Various Study Area 

Epicenter Map of the Largest Historical Earthquakes in the Utah 
Region, 1850-1878 

h c a t i o n  Map of Documented Earthquake Swarms i.n Southwest Utah 

Epicenter Map of the Utah Region, July 1962 to J u n e  1978 

Epicenter Map fo r  a Rectangular Region Encompassing the Cedar City - 
St. George Study Area, July 1962 to December 1981 

Map of Quaternary Faulting in Cedar City - St. George Area 

Map Showing Late Quaternary and Holocene Fault Scarps in Uncon- 
solidated Sediments .,. , 

Cross Section Depicting Results of Detailed Stttdy of X!Iicroseismicil,y, 
Focal Mechanisms, and Correlation with Geological Structure near the 
Southern End of the Wasatch Fault 

Summary Map of Swarm Activity (M < 4.5) Located by the University 
L-. 

of Utah near  Kanarraville, Utah durmg Deceniber 1980 to May 1981. 

Summary of Available Focal Mechanism Enforlnation for  the Main 
Seismic Belt in Central and Southwest Utah 

Earthquake Recurrence Data for  the Utah Region anct Sul3regiaus 

Extreme-Value ~ i s t r i bu t ion  Showing the Probability that a Given 
Intensity is the Largest Intensity in a Given Year 

Comp2rison of Earthquake Recurrence Data for the Southwestern Utah 
Region 

Earth Sciences Associates 



F. - HISTORIC SEISMICITY AND LATE QUATERNARY - FAULT ACTIVITY 

F. 1 REGIONAL SEISMICITY 

F. 1.1 General Features 

The Cedar City-St. George area l i e s  d i r ec t l y  within the  Intermountain 

seismic be l t  (ISB) ( f i g .  F-1 ),an extensive 1 inear  zone of cur ren t  i n t r a p l a t e  

deformation in the  western United S ta tes  t h a t  i s  characterized by l a t e  

Quaternary normal f a u l t i n g ,  d i f fuse  shallow seismici ty ,  and episodic  scarp- 

forming earthquakes (6$<M<7%) - - (Arabasz and Smith, 1981; Smith, 1978; Smith 

and Sbar, 1974). 

As summarized by Arabasz and Smith (1981), the  notable f ea tu r e s  of t h e  

ISB are:  (1) i t s  length (>I300 km) and breadth (100-200 km) ; (2 )  i t s  seg- 

mentation in to  several  sec tors  with divergent trends ; (3) t he  di f fuseness  

of seismicity,  with focal  depths almost exclusively shallower than 15-20 krn, 

and weak corre la t ion w i t h  major act ive  f a u l t s  (based on dense-network moni- 

toring w i t h  both por table  and fixed microearthquake networks) ; ( 4 )  a gen- 

e ra l  predominance of normal faul t ing  re f lec t ing  an extensional  s t r e s s  

regime, but w i t h  s p a t i a l l y  rapid changes in s t r e s s  o r i en t a t i on  i n  some 

areas;  (5) the con~mon occurrence of swarm sequences a t  various l o c a l i t i e s  

throughout the ISB; ( 6 )  r e l a t i v e l y  low r a t e s  of c ru s t a l  s t r a i n  (~10-*mmlrnmlyr 

or  l e s s )  compared t o  those a t  ac t ive  p la te ,  boundaries ; ( 7 )  moderate 

background seismic f l ux ,  which, f o r  comparison i s  lower by a f ac to r  of 

4-6 than t ha t  i n  t he  Cal i  forni  a-Nevada s e i  smi c zone (A1 germi ssen , 1969) ; 

(8) apparent s t r e s s e s  t h a t  a r e  within the  range of values (0.01-100 bar)  

computed s imi la r ly  f o r  i n t r a p l a t e  earthquakes elsewhere (Doser, 1980) ; 

(9) re la t ive ly  long (>I000 y r )  recurrence in te rva l s  f o r  surface  f au l t i ng  

(excepting par t s  of the  Uasatch f a u l t )  (Swan e t  a1 . , 1980; Wallace, 1980) ; 
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FIGURE F-1. --Map of Intermountain seismic be1 t (from Arabasz 
and Smith, 1981). Epicenters o f  historical mainshocks (M 6.0) 
shoiin as large circles,  NOAA epicenters through 1974 a s  
smaller circles. Schematic dashed out1 ine of seismic be1 t 
based on various seismotectonic studies as well as dep ic ted  
seismicity. Magnitudes ( in  parentheses) are estimated or 
measured ues of ML , except values for 1925-1959 (attributed to  
Pasadena), which are either rnb or Ms. Epicenter of 1966 shock 
(ML 5.6, rnb 6.1) added for reference. 



and (10) a h i s t o r i c a l  paucity of large  (M>7.0) surface-faul  t i n g  ea r th -  

quakes--despite abundant l a t e  Quate.rnary and Holocene f a u l t  scarps  through- 

ou t  the IS6 ( e . g . ,  Bucknam -- e t  a l . ,  1980; Swan -- e t  a l . ,  1980; Witkind, 1975). 

In southern Utah a t  about l a t  38"N, the re  i s  an apparent southward 

bi furcat ion of the  ISB (f ig.F-1).  The most a c t i v e  be1 t of se i smic i ty  extends 

southwestward i n t o  southern Nevada, but t he r e  i s  a weak cont inuat ion of 

se ismici ty  southward i n t o  northern Arizona (f ig.F-1).  Smith and Sbar (1 974) 

o r ig ina l l y  considered t h a t  the  main ISB continued southward i n t o  Arizona, 
. 

with the  ENE-trending zone t h a t  passes through southern Nevada and southwest 

Utah as d i s t i n c t .  However, Smith (1978) more recen t ly  has i d e n t i f i e d  t he  

weak seismici ty  continuing i n to  Arizona as  p a r t  of a zone surrounding t h e  

e n t i r e  Colorado Pla teau,  and he t r ace s  the  main ISB i n t o  southern Nevada. 

The branch of the  ISB diverging southwestward i n t o  southern Nevada-- 

herein re fe r red  t o  as  the  SW Utah-S. Nevada se ismic  zone, i s  without ques- 

t ion f a r  more se i smica l ly  ac t i ve  than the  zone continuing southward i n t o  

Arizona. E a r l i e r  (Section C.1.3.5) we discussed how the  SW Utah-S. Nevada 

seismic zone c o r r e l a t e s  w i t h  a major s t r u c t u r a l  co r r i do r  ( s ee  a l s o  Anderson, 

1978, p.  3)--perhaps r e f l ec t i ng  a profound upper-mantle d i s con t inu i t y  (Eaton 

and others ,. 1978). 

One important observation t h a t  should be emphasized w i t h  regard t o  

f igure  F-1 i s  t he  absence of any h i s to r i ca l  earthquake i n  t h e  southwest 

Utah region l a r g e r  than about magnitude 6%. Here, $s throughout much of 

the  ISB, the  h i s t o r i c a l  paucity of scarp-forming earthquakes . con t ras t s  w i t h  

abundant geologic evidence f o r  l a t e  Quaternary f a u l t i n g .  



F.1.2. His tor ical  Earthquake Record f o r  SW Utah 

To evaluate h i s t o r i ca l  and instrumental seismici  t y  i n  t he  general 

v i c i n i t y  of the  Cedar City-St. George study a r ea ,  we have placed funda- 

mental re l i ance  on earthquake data  from the  University of Utah. The 

Universi ty of Utah Seismograph S ta t ions  has compiled t he  most author i -  

t a t i v e  information on the  se ismici ty  of t he  Utah region da t ing  from 1850, 

and a l so  c a r r i e s  out the  most comprehensive instrumental monitoring of 

cur ren t  seismici  t y  in the  Intermountain area  (Arabasz and o the r s ,  1979, 

1980; Richins and o thers ,  1981). 

The following systematic approach was taken t o  document se i smic i ty  

i n  t he  area of i n t e r e s t  (see figure F-2): 

1 . Compi 1 a t ion and p lo t t i ng  of regional s e i  smi c i  t y  , including a1 1 

earthquakes of magnitude 3.0 o r  g r ea t e r  within 200 km of the  

study area .  (For convenience, t he  200-km rad ia l  d i s tance  was 

measured from a point half-way between Cedar Ci ty  and S t .  George 

a t  l a t  37"25'N, long 113"15'W.) Theseare tabulated in Appendix H .  

2. L i s t ing  of se i smic i ty  (M>3.0) - within 150-km rad ia l  d i s tance  of 

four spec i f i c  po in t s ,  r epresen ta t ive  of the  various dam s i t e s  

(see Appendix 1 for partial listing): 

Cedar City: 37"39.001N, 1 13"04.301W 

Frog Hollow: 37"07.001N, 113"15.301W 

S t .  George: 37003.301N, 113°29 .b01~  

Ivins : 37"10.301N, 113°40.00'W 

3. Compilation and p lo t t i ng  of t h e  e n t i r e  Universi ty of  Utah earthquake 

catalog f o r  the period: 1850-December 31, 1981 w i t h i n  a rectangular  



area encompassing S t .  George and Cedar City ( l a t  36.75ON-38 . O O O N ,  

long 112 .OOOW-1 14.25"W) f o r  de t a i l ed  evaluat ion of loca l  se i smic i ty  

(see Appendix -J) . 

The catalog of documented earthquakes i n  t he  Utah region,  as  elsewhere 

in the  western United S t a t e s  i s  a mixed one var iously  re ly ing  upon e a r l y  

repor ts  and newspaper accounts, and l a t e r  upon seismographic recordings 

during several  s t ages  of evolving coverage. The documentation of e a r th -  

quakes pre-dating Ju ly  1962--the beginning of t he  Universi ty of Utah's 

instrumental catalog--combines both h i s t o r i ca l  ( i  .e .  , based on f e l t  r epo r t s )  

and ea r ly  instrumental seismicity--determined f o r  example by t h e  U.S. Coast 

and Geodetic Survey o r  by the  Seismological Laboratory i n  Pasadena. Arabasz 

and McKee (1979) out1 ine  w i t h  extensive annotations t he  1850-1962 cata log 

f o r  the Utah region, whose compilation involved the  careful  checking and 

cor re la t ion  of numerous sources. The term "Utah region" as  used by t h e  

University of Utah, s i g n i f i e s  the  rectangular  area  extending from l a t t i  tude 

36O45'N t o  4Z030'N, and from longitude 108O45'W t o  114O45'W--which def ines  the 

areal  bounds of the Universi ty of Utah earthquake ca t a logs ,  unless spec i f i ed  

otherwise. 

The University of Utah master cata log f o r  the  Utah region. comprises 

three  par t s  (e .g . ,  Arabasz and o the r s ,  1979', 1980): ( 1 )  t he  1850-June 1962 

h i s to r i ca l  ca ta log ;  ( 2 )  a catalog f o r  the  period Ju ly  1962-September 1974, 

consis t ing of sys temat ical ly  revised,  instrumental earthquake loca t ions  and 

magnitudes; and (3 )  a cata log of instrumental se i smic i ty  s i nce  October 1974 

based upon data  from an extensive  network of telemetered se ismic  s t a t i o n s .  

Data from the  various time blocks have d i f f e r i n g  l e v e l s  of uncer ta inty .  



It should be noted that local magfiitudes (NIL) for all earthquakes located 

in the Utah region since July 1, 1962, have been systematically estimated by 

either direct or indirect relation to Wood-Anderson-type torsion seismographs 

at three (currently two) widely spaced sites within Utah. The importance 

here is that a uniform earthquake catalog is essential for meaningful estimates 

of earthquake recurrence. 



FIGURE F-2.--Schematic outline o f  seismicity domains related 
t o compilations of regional seismicity in 
vicinity of various study areas. 





TABLE F-1 . LARGEST EARTHQUAKES WITHIN 200 KM OF 
STUDY A R E A ,  1850 THROUGH 1981 

Magni tude 
(M L ___L 

Distance 
- (km) k i te  (GMT) Long. (OW) Lat.  ( O N )  Location 

1887 Dec 05 
1891 Apr  20 

Kanab, U t .  
Washington Co., U t ,  

( S t .  George) 
R i c h f i e l d ,  U t .  
Pine Val ley ,  U t .  
Pine Valley,  U t .  

1901 Nov 14 
1902 Nov 17 
1902 Dec 05 

1908 Apr 15 
1910 Jan 10 
1910 Jan 12 
1912 Aug 18 
1921 Sep 29 

Mil ford ,  Ut. 
E l s i n o r e ,  U t .  
E l s i n o r e ,  U t .  
Williams, Ar iz .  
E l s i n o r e ,  U t .  

1921 Sep 30 
1921 Oct 01 
1933 Jan 20 
1934 Apr 15 
1942 Aug 30 

E l s i n o r e ,  U t .  
E l s i n o r e ,  U t .  
Par.owan , U t . 
SE Nevada 
Cedar C i t y ,  U t .  

1942 Sep 26 
1945 Nov 18 
1952 May 24 
1959 Feb 27 
1959 Ju l  21 

Cedar C i t y ,  Ut. 
Gl enwood, U t . 
Ari z. -Nev. border 
Pangui t c h ,  Ut. 
Kanab, U t .  

1966 Aug 16 
1967 O c t  04 

Nev.-Ut. border  
Marysval e ,  U t .  

1Summarized from compilat ion of regional  s e i s m i c i t y  ( b 3 . 0 )  wi th in  200-km r a d i a l  d i s t ance  of s tudy a r e a .  
Table includes earthquakes of est imated Richter  magni t i d e  5 or g r e a t e r .  I = maximum Modified Mercal l i  
i n t e n s i t y .  Magnitudes in  parentheses est imated from Io(M=1+2/3 I o )  . ~i s tgnce  measured from a po in t  
half-way between Cedar Ci ty  and S t .  George, 
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FIGURE F-3.--Epicenter map of the larges t  historical  earthquakes i n  
the Utah region, 1850-1978. For coincident epicenters,  only the 
largest  event i s  shown. Earthquakes of magnitude 54 or greater are 
dated by year (see table F-1) (from Arabasz and Smith, 1979). 



(3)  An aftershock of the  1902 Pine Val ley earthquake t h a t  occurred 

on December 5 ,  1902 (Io=6, ML-5). 

(4)  An earthquake of January 20, 1933 ( I  =F, ML15) near  parowan, 30 km 
0 

northeast  of Cedar City.  Minor damage occurred i n  Parowan and 

Minersvi 1 l e  (Wi 11 iams and Tapper, 1953). 

(5)  Two earthquakes,  apparently as pa r t  of a swarm sequence, near 

Cedar City on August 30, 1942, and September 26, 1942 (each w i t h  

I = 6 ,  ML%5). Minor damage occurred in  Cedar Ci ty  during both of 
0 

these  shocks (Wi 11 iams and Tapper, 1953). 

F.1.2.2 Swarm Seismicity i n  SW Utah. Episodic earthquake swarms have 

been observed s ince  the  1920's i n  southwestern Utah and appear t o  be 

cha rac t e r i s t i c  of the  area ( e . g . ,  Arabasz, 1979, p. 425; Richins and o the r s ,  

1981). Earthquake swarms a re  a general type of earthquake sequence character-  

ized by many events of nearly the  same s i z e  without a d i s t i n c t  main shock, 

and they are  common worldwide in areas of recent volcanism (e .g . ,  Sykes, 

1970). 

Smi t h  and Sbar (1974) discuss  the  occurrence of several  earthquake 

swarms throughout the  ISB, but they do not convey the  r e l a t i v e  abundance 

of swarm seismici ty  in  southwestern Utah. As outl ined in  t a b l e  F-2, a t  l e a s t  

seven swarm sequences with maximum magnitudes i n  the  range of 3 t o  5 have 

been documented i n  southwestern Utah s ince  1926. 

The d i s t r i bu t i on  of observed swarms i n  southwestern Utah i s  shown 

i n  f igure F-4. There appears t o  be c lus te r ing  in  the  v i c i n i t y  of the  

Hurricane and Sevier faul t zones ; however, d i r e c t  assod ta t i  on w i  t h  



TABLE F-2. SWARM SEISMICITY IN SOUTHWESTERN UTAH 

Approx. Date 

1926-1 927 

Feb-Apr 1937 

Aug-Sep 1942 

Dec '63-Feb '64 

Nov 1971 

Dec 1978 

Dec '80-May '81 

Mar 1981 

Jun-Aug 1981 

Loca t i on 

Ordervi 11 e 

Pangui tch  

Cedar C i  t y  

Nev.-Ut. border 

Cedar City 

Cove Fort 

Kanarravi 11 e 

Pangui tch  

llli neral Mts . 

Max. Magnitude 
A M L  ) 

'3 

1.5-2.0 
(&1,000 shocks) 

(Mi 11 i ams and Tapper, 1953 ; 
Arabasz and McKee, 1979) 

(Mi 11 i ams and Tapper, 1953 ; 
Arabasz and McKee, 1979) 

(Williams and Taper, 1953; 
Arabasz and McKee , 1979) 

(Srni t h  and Sbar,  1974; 
Arabasz and o the r s ,  1979; 
"United S t a t e s  Earthquakes", 
1963 ,I 964) 

(Arabasz, 1979) 

(01 son, 1976; Richins and 
o t h e r s ,  1981 ) 

(Richins and o the r s ,  1981) 

(Richins and o the r s ,  1981 ; 
Univ. o f  Utah unpub. data)  

(G. Zandt, U n i v .  of Utah, 
unpub. da t a )  



FIGURE F-4.--Location map o f  documented earthquake swarms i n  southwest 
Utah (see table  F-2) (from Richins and others,  1981). 



these f a u l t s  has y e t  t o  be es tab l i shed  (see  Section F.2.2). A 

more general associa t ion of most of the  swarm seismici ty  might be made 

with a broad zone of l a t e  Cenozoic volcanism i n  southwestern Utah, along 

the  Basin and Range-Colorado Plateau t r ans i t i on  zone ( c f .  Best and Hamblin, 

1978, f ig .  14-7). 

F.1.3 Detailed Instrumental Seismicity. in sw Utah 

Figure F-5, from Arabasz and others  (1979) gives an overview of t he  

instrumental se ismici ty  of t he  Utah region s ince  1962. A l a r g e r  s c a l e  

epicentra?  p lo t ,  complete through December 31, 1981, i s  presented i n  

f igure F-6 f o r  a rectangular  region encompassing t he  Cedar City-St.  George 

study area. 

A pe rs i s ten t  fea tu re  of t he  se ismici ty  of southwestern Utah ( f i g .  F-5) 

i s  a broad band of d i f fu se ,  but l oca l l y  in tense ,  se i smic i ty  trending t o  t h e  

southwest below about l a t  38.5"-39"N and extending i n t o  southern Nevada t o  

form the SW Utah-S. Nevada seismic zone (Smith and ~ r a b a s z ,  1979; Richins 

and others,  1981). Cedar City l i e s  within the  c e n t r a l ,  most se i smica l ly  

ac t ive  part  of t h i s  b e l t ,  whereas S t .  George l i e s  along i t s  southern f r i n g e .  

Diffuse seismicity and problematic cor re la t ion  of seismici  t y  with t h e  t r a c e s  

of major act ive  f a u l t s  i s  typical  throughout the ISB (Arabasz and Smith, 

1981). Perhaps the most s t r i k i n g  example of t h i s  in  t he  Utah region i s  t h e  

pers i s ten t  low level of earthquake a c t i v i t y  along most of t h e  t r a c e  of t h e  

major Wasatch f a u l t  zone i n  cen t ra l  and north-centrA Utah ( f i g .  F-5; 

Arabasz and others ,  1980). In southwest Utah, the s ca t t e r ed  occurrence o f  

earthquake swarms con t r ibu tes  t o  t he  regional ly  d i f f u s e  ep i cen t r a l  pa t t e rn .  

Signif icant ly ,  the  general NE-SW trend defined by t h e  d i f f u s e  s e i smic i t y  

t ransec t s  the NNE-trending s t ruc tu r a l  gra in  of the  region.  

F- 10 



FIGURE F-5.--Epicenter map of the Utah region,  July 1962-June 1978 
(from Arabasz and others, 1979). Dashed box shows l o c a t i o n  o f  
Figure F-6. 



In the 1 arge-scale p lo t  of the Cedar Ci ty-St. George area ( f i g  . F-6), 

instrumental seismicity determined by the University of Utah i s  plot ted 

for the period from July 1, 1962 to December 31, 1981. Before analyzing 

details of the epicentral patterns, some preliminary comments on the 

completeness and quality of earthquake locations in southwest 

Utah are appropriate (see Arabasz and others, 1979, p. 83, 119; 

Richins and others, 1981). 

Prior to  July 1962, earthquake epicenters in southwest Utah were based 

chief ly on f e l t  reports and are  assumed to  have an accuracy of about 225 t o  

250 km. Assigned epicenters fo r  non-instrumental locations correspond t o  

the location of a town or  c i t y  where f e l t  e f fec ts  were s t ronges t .  The 

ava i lab i l i ty  of f e l t  reports a t  widely dis t r ibuted small towns tends t o  

constrain the location of most of the pre-instrumental earthquake locat ions,  

particularly those of small magnitude (14,-<4). For the post-1 962 period , 

instrumental 1 ocations great ly  improve the accuracy of earthquake locations.  

However, the f a i r l y  wide spacing (mostly greater  than 50 km) of seismograph 

s tat ions in southwest Utah--even thtough 1981 (see Arabasz and o thers ,  1979; 

Richins and others ,  1981 )--1 imi t s  the preci'sion with which earthquakes i n  the 

area can be located, Accuracy and precision are  cer ta in ly  lower than in 

other more densely instrumented areas of the Utah region such as  the Nasatch 

Front area. 

For the blasatch Front a rea ,  epicentral  precision i s  estimated as  55 

and 22 km for  the 1962-1974 and post-1974 periods, respect ively (Arabasz and 

others,  1979) .  For southwestern U t a h ,  precision expectedly would be less-- 
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perhaps a t  bes t  about 210 km and 25 km f o r  the  same two instrumental periods. 

Richins and others  (1981) est imate an epicentra l  precis ion of 22 km f o r  t he  

earthquake locat ions  near Kanarraville i n  1981 as  a r e s u l t  o f  specia l  data  

processing. 

The majority of earthquakes plot ted i n  f i gu re  F-6 have been located 

with a r e s t r i c t ed  focal depth of 7.0 krn. Reasonably accurate reso lu t ion  of 

focal  depth requires  a recording s t a t i on  t o  be roughly a s  c lose  a s  t he  

depth of the earthquake--a condition not general ly  ~ e t  i n  southwest Utah. 

Post-1962 instrumental earthquake l 'ocations in  southwest Utah a r e  believed 

t o  be systematically cotiiplete above about magnitude ( N L )  2.5 (Arabasz and 

others ,  1979; Richins and o thers ,  1981). 

Notable fea tures  of the intrumental se ismici ty  depicted i n  f i gu re  F-6 

include the d i f fu se  s c a t t e r  of epicenters ,  the  g r ea t e r  abundance of earthquakes 

i n  the northern half  of the  sample area compared t o  t he  southern h a l f ,  and 

a s ign i f ican t  temporal c lus te r ing  of earthquakes (evaluated from corresponding 

l i s t i n g s ) .  An  area within about 25 km radius  of Cedar City displays  abundant 

earthquake a c t i v i t y  during the  1962-1981 period. 

Earthquakes during the  1962-1974 period were widely scattered 

throughout the sample area. The largest shock was an event of 

magnitude ( M ~ )  5.6 (mb=6.1) t h a t  occurred on August 16 ,  1966 c lose  t o  t he  

Nevada-Utah border a t  the  western extremity of the  sample area ( see  Smith and 

Sbar, 1974). The most s i gn i f i c an t  temporal c lu s t e r i ng  during t h i s  time 

period was associated w i t h  the  November 1971 Cedar City earthquake swarm 



(Arabasz, 1979). Thirteen of t h e  circles clustered immediately to the 

north of Cedar City correspond t o  located earthquakes (2.1<ML<3. - 7 )  a s soc i a t ed  

w i t h  t h a t  swarm. 

Earthquakes during the  1974-1 981 period scatter throughout the 

sample area, but the sample for this time period is dominated bv . 

intense clustering to the northeast and southeast of Kanarraville-- 

associated w i t h  an earthquake swarm ( ~ ~ ~ 4 . 5 )  during the  period December 1980- 

Mav 1931 (Richins and o the r s ,  1981). He d i scuss  t h i s  earthquake sequence 

fu r t he r  i n  Section F.2.2. 

Clustering t o  the northwest and southeas t  of Panguitch a l s o  r e l a t e  

t o  an earthquake swarm--a sequence i n  March 1981 (ML22.3) t h a t  d isplayed 

the  same curious pat tern  of paired ep i cen t e r  c l u s t e r s  observed f o r  t h e  

Kanarraville swarm (Richins and o t h e r s ,  1981 ).  Earthquakes i n  t h e  S t .  George 

area  are  c l e a r l y  l e s s  abundant than t o  the  north.  The l a r g e s t  shock i n  t h e  

immediate v i c in i t y  of S t .  George during t he  e n t i r e  1962-1981 period was an 

earthquake of magnitude (ML) 3.6 on August 5 ,  1979, about 15 km southwest  

of St .  George. 



F. 2 SEISMOTECTONICS AND EARTHQUAKE HAZARD EVALUATION 

F.2.1 Imp1 i c a t i ons  of Current Geological Studies 

Since about 1975, a s  p a r t  of t he  National Earthquake Hazards Reduction 

Program, the U .S. Geological Survey (USGS) has ca r r i ed  o u t  a c t i v e  geological  

s tud ies  i n  the Utah region aimed a t  earthquake hazard eva lua t ion .  Of p a r t i -  

cu la r  relevance t o  t h i s  study is a USGS pro jec t  e n t i t l e d  "Southwestern Utah 

seismotectonic s t ud i e s , "  headed by R .  E .  Anderson; the  goals of t h e  p r o j e c t  

are:  " (1)  t o  def ine  the  d i s t r i b u t i o n  i n  space and time of Quaternary f a u l t -  

ing and deformation i n  southwestern Utah and ( 2 )  t o  provide an improved under 

standing of the  l a t e  Cenozoic t e c ton i c  h i s t o ry  and framework of t h e  a r ea "  

(Anderson, 1981 ) . 
R .  E .  Anderson and R .  C .  Bucknam of the  USGS have j o i n t l y  c a r r i e d  ou t  

mapping of l a t e  Quaternary f a u l t  scarps  in unconsolidated depos i t s  throughout 

western and southwestern Utah, sys temat ical ly  covering l o  x 2' quadrangles 

(see Anderson, 1980). Unfortunately,  no compilation f o r  t he  Cedar Ci ty  l o  x 

2' sheet  (1 :250,000 s c a l e ) ,  which encompasses the  Cedar C i  t y -S t .  George a r ea ,  

i s  ye t  avai lable .  However, abundant information i s  d i r e c t l y  r e l evan t  t o  t h e  

seismotectonics of the  study area  has been published by R .  E .  Anderson, 

R. C.  Bucknarn, and col leagues  a t  the USGS ( e . g . ,  Anderson, 1978, 1979, 1980, 

1981; Anderson and o the r s ,  1978; Anderson and Mehnert, 1979; Anderson and 

Bucknarn, 1979; Bucknam and Anderson, 1979; Bucknarn and o t h e r s ,  1980; and 

Zoback and o thers ,  1981). Much of this sect ion involves a d i s t i l l a t i o n  of 

on-going USGS work t o  i d e n t i f y  key information re levant  t o  t h e  p resen t  SCS 

project  . 



F. 2.1.1 Identification of Active Faults. Although results of current  USGS fault 

studies in the Cedar City - St. George area  a r e  not yet available in regional map 

form, the "Quaternary Fault Map of Utahff (1:500,000 scale) recently compiled by 

L. W. Anderson and D. G. Miller (1 979) provides the following preliminary summary, 

which is modified as noted by the results of the detailed photogeology and geological 

field work carried out a s  par t  of this project and discussed in detail in Chapters N 

and VIII of the report  and Appendix E. 3.2.5. 

Figure F-7 shows part  of the Anderson and Miller (1979) fault map relevant 

to the present study indicating fault t races  associated by Anderson and Miller with 

either late Pleistocene (10,000 to about 500,000 y r  B. P.) movement o r  suspected 

Quaternary (0 to about 2 o r  3 m. y. B. P. ) movement. No Holocene (<10,000 y r  B. P. ) 

faulting was indicated in the study a rea  before trench exposures developed during 

this study were  examined (see Chapter VIII of this report). 

The main active faults shown in figure F-7 a r e  the northernmost part  of the 

Grand Wash fault (comprising segments variously named the Cedar Pocket Canyon 

fault and the Gunlock-Veyo fault) and the Hurricane-Parowan fault system. Fault 

t races  of probably late Pleistocene age that a r e  indicated in the northern par t  of 

figure F-7 in the Escalante Desert region displace Quaternary basalts and alluvial 

deposits, and a r e  based on personal communications to Anderson and Miller (1979) 

by W. K. Hamblin and R. E. Anderson. Only the northwesternmost par t  of the 

Washington fault near  the town of Washington is indicated in figure F-7 a s  being 

active during the Quaternary, although subsurface exploration conducted a s  pa r t  

of this study across  the fault a t  Gypsum Wash Dam revealed probable early Holocene 

faulting (see Appendix E. 3.4 and Chapter VIII). 
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F. 2.1.2 Late Quaternary Versus Holocene Faulting. A critical problem prior to 

the current study was whether there is  convincing evidence anywhere in the study 

area fo r  Holocene fau l t ing  ( i . e . ,  t h e  occurrence of scarp-forming ear th -  

quakes during the l a s t  10,000 years ) .  The absence of any h i s t o r i c  sur face  

rupture i n  southwest Utah has l ed  t o  emphasis on Quaternary s tud ies  r e l a t -  

ing t o  the geomorphic evolution of f a u l t  scarps (Anderson, 1978; Bucknam and 

Anderson, 1979), Lake Bonnevi 1 l e  h i s to ry  and i t s  cor re la t ion  w i t h  g l ac i a l  

deposits  and soril s t ra t ig raphy  (Anderson and Bucknam, 1979), and t h e  s t r a t i -  

graphy of faul ted Quaternary extrus ive  rocks (Hambl i n  and o thers ,  1981 ). 

Published statements by R . E .  Anderson (1978, p.. 5 ;  1978a) ind ica t ing  " -  

Holocene fau l t ing  northeast  of Cedar City r e l a t e  t o  a graben s t r u c t u r e  a t  

Braf f i t s  Creek (see f i g .  F-7) which Anderson has subsequently i n t e rp re t ed  

as a tensional collapse s t ruc tu r e  along the  r i s i ng  and spreading mountain 

f ron t  of the eastern Markagunt Plateau (Anderson and Bucknam, 1979; Anderson, 

1980, p. 528). Another area of probable Holocene deformation in  south~vestern 

Utah described by Anderson and ~ucknam, '  1979) i s  i n  Escalante Val l e y ,  more 

than 30 km northwest o f  Cedar Ci ty ,  where Lake Bor~neville shorel ines  have 

been deformed by regional u p l i f t .  Anderson (1980, p. 525) a l s o  descr ibes  

deformation within the  Enoch graben, about 10 km north-northeast  of Cedar 

City (see f i g .  F-7), where Holocene f au l t i ng  may have occurred; however, t he  

in te rpre ta t ion  of fau l t ing  i s  equivocal. 

A t  Shurtz Creek t o  the  south of Cedar City (see f i g .  F -7 )  t he r e  i s  

a prominent a l luv ia l  scarp along t h e  t r a c e  of the  Hurricane f a u l t  t h a t  may 

not be much older  than Holocene i n  age. Anderson (19801, p .  536) summarizes 

the  following key information: 



"Averi tt (1 962) described and i 11 us t ra ted  a conspicuous scarp 
a t  the mouth o f  Shurtz Creek about 8 km south-southwest of Cedar 
City. The scarp i s  a t  l e a s t  20 m high, i s  formed on very coarse 
bouldery. alluvium, has a s l ope  angle of 2g0, and i s  deeply inc i sed  
by ac t ive  streams. , On t he  bas i s  of i t s  p r o f i l e ,  the scarp appears 
t o  be pre-Holocene, but i t s  age is  probably c lo se  t o  t he  Pleistocene- 
Holocene boundary. The surface  t h a t  i s  displaced a t  this scarp 
was referred t o  by Aver i t t  (1962) as  the  Schurtz Creek pediment. 
Recent s tudies  have shown t h a t  the  Quaternary gravels t h a t  mantle 
the  pediment serve as  parent  material  f o r  a s o i l  t h a t  i s  d e f i n i t e l y  
pre-Holocene and i s  probably more than 50,000 years  o ld . "  

A second, more subdued and probably older scarp in alluvial fan deposits located 

upslope to the east  of this location was identified during this investigation (see Chapter 

N and figure N-2). 

Bucknam and others (1980) have summarized the results of USGS studies of 

late Quaternary faulting in western and southwestern Utah, including a preliminary 

map of seismic source zones defined on the basis of geologic data. That source 

zone map is reproduced here as figure F-8. (Note that the fault scarps shown in 

the figure a r e  only those formed in unconsolidated deposits. 1 Most of soui;hwestern 

Utah lies within seismic zone Jib (fig. F-8) defined by "the occurrence of late 

Quaternary fault scarps and the absence of Holocene fault scarps'' (Bucknam and 

others, 1980, p. 304). Adjacent region JITb i s  defined by the absence of fault scarps 

in unconsolidated deposits, whereas region Ia i s  characterized by abundant Holocene 

fault scarps. Faults a t  Braffits Creek and near Enocll a r e  not included in the com- 

pilation because of major uncertainties; the interpretation of faulting within the 

Enoch graben i s  equivocal, and faulting a t  Braffits Creek may be associated with 

an aseismic style of deformation (Anderson, 1980; Bucknam and others, 1980). 

In the absence of definitive dates on samples of materials offset by fault t races  

exposed in trenches excavated a s  part  of this study, the characterization of most of 

southwestern Utah a s  without Holocene faulting must be considered a working hy- 

pothesis; i t  seems to be consistent with the morphology of fault scarps  encountered 

in the area (e. g., Bucknam and Anderson, 1979; Anderson, 1980, 1979). The po- 

sition of USGS workers such a s  R. E. Anderson remains that unless it can be proven 

that dated Holocene sedimentary strata have been faulted, the assignment of a Holo- 

cene age to any 



FIGURE F-8.--Map from Bucknam and others  (1980) showing l a t e  Quaternary f a u l t  
scarps i n  unconsol idated sediments ( f i n e  1 ines)  , Holocene f a u l t  scarps 
in  unconsolidated sediments ( f i n e  l i n e s  with adjacent d o t ) ,  and se ismic  source 
regions I ,  11, 111, IV (heavy dashed l i n e s ) .  



faulting in southwestern Utah should be   on side red uncertain (e.g. ,  see 

Anderson, 1979, and Huntoon , 1979). 

I t  should be emphasized tha t  the absence of Holocene fau l t ing  i n  

southwestern Utah, i f  va l id ,  does -- not imply no like1 i hood of a future 

scarp-forming earthquake i n  t h a t  region. Fault-scarp data  i n  region I Ib  

(f ig .  F-8) over the l a s t  100,000 years or so lead t o  the  expectation of 

about two earthquakes i n  the magnitude range 7-7% somewhere i n  region IIb 

during Holocene time--and the apparent absence of any. such event is not 

rigorously inconsistent w i t h  a Poisson process (Bucknam and o thers ,  1980). 

Bucknam and others (1980, p. 306) conclude: "We believe t h a t  the observed 

[relat ively high r a t e  of] h i s to r i c  seismicity of the region I I b  i s  consistent 

with s t ra in  release primarily by numerous re la t ive ly  small earthquakes and 

comparatively infrequent large events (M = 7.0 to  7.6)." 



F.2.2 Implications of Current Seismological Studies 

F.2.2.1 L i s t r i c  Faulting and Problematic Correlat ion of Seismici ty  With 

Geologic Structure .  C r i t i c a l  problems facing earthquake researchers  i n  t h e  

Utah region include uncer ta in t ies  about the  subsurface s t r u c t u r e  of major 

normal f a u l t  zones in  t he  a r ea ,  t h e  cor re la t ion  of d i f f u s e  se i smic i ty  wi th  

geologic s t ruc tu r e ,  and evaluat ion of the  r e l a t i v e  importance of low-angle , 

listric (downward-flattening) normal faulting (see Figure F-9) as  art of the 

seismogenic process (Arabasz and Smith, 1981). 

During the past few years ,  seismic r e f l ec t i on  surveys have been conducted 

i n  seismically ac t ive  a reas  of t he  Intermountain region a s  p a r t  of o i l  indust ry  

e f f o r t s  t o  explore a n d  extend know1 edge of t he  fore1 and " ove r th rus t  be1 t "  

i n to  the  Great Basin ( e - g . ,  MacDonald, 1976; Royse and o t h e r s ,  1975; Effimoff 

and Pinezich, 1981). New high-resolution seismic r e f l e c t i o n  da ta  i nd i ca t e  

t ha t  the  seismogenic upper 10 km o f  the  c r u s t  along t he  Intermountain se ismic  

b e l t  i s  more deformed than previously envisaged, and t h e  s t y l e  of normal 

fau l t ing  i s  more complicated than perceived f r o m  surface  mapping. Converging 

evidence suggests t ha t  t h e  s t ruc tu r a l  s t y l e  along the  ea s t e rn  Great Basin i s  

t h a t  of "thin-skinned" tec ton ics  involving low-angl e detachment sur faces .  Low- 

angle th rus t  f a u l t s ,  formed during the  Sevier and Laramide orogenies fundamentally 

influenced the  development of Cenozoic basin-range s t r u c t u r e ,  and pre-Cenozoic 

low-angle f a u l t s  may now be accommodating normal d ip - s l i p  displacement i n  an 

extensional s t r e s s  f i e l d  (Arabasz and Smith, 1981; ~ r a b a s z ,  1981; Smith, 1981). 

Older low-angle f au l t i ng  i n  pa r t s  of t h e  Great Basin, including t h e  study 

area (Anderson, 1981) resu l ted  from a pre-basin-range extensional  episode i n  

about Miocene time. The important point here i s  t h a t  a c t i v e  normal f a u l t s  



mapped a t  the  surface  within the  study area probably do not have a simple 

subsurface geometry, and the  deformational behavior of these  f a u l t s  i s  poorly 

understood. For example, 1 i  t t l  e  information i s  avai  1 a b l e  about t h e  subsurface 

geometry of t he  Hurricane f a u l t .  However, conspicuous reverse-drag f lexing 

of ba s in - f i l l  s t r a t a  observed along t he  Hurricane f a u l t  (Harnbl i n ,  1965; 

Hamblin and o the r s ,  1981) is now known t o  t yp i fy  downward-flattening l i s t r i c  

normal f a u l t s  ( e .  g .  , Anderson and Zoback, 1981). Confidential  data  acquired 

by Mobil Oil Corporation suggests t h a t  t he  Hurricane f a u l t  probably i s  l i s t r i c  

a t  depth ( R . E .  Anderson, personal communication t o  W .  J .  Arabasz, January 1982). 

Complicated upper-crustal s t r uc tu r e  undoubtedly has a fundamental bearing 

on the  s ign i f icance  of d i f fu se  background se i smic i ty  i n  t h e  Intermountain 

seismic b e l t  and on how infrequent l a rge  earthquakes a r e  generated i n  t he  

area .  Cal i fornia- type mode1 s t h a t  assume high-angle f a u l t i n g  and t h e  planar 

c lus te r ing  of small -magni tude earthquakes on simple f a u l t  planes c l e a r l y  a r e  

i  nappl i  cab1 e t o  southwest Utah. 

Recent de t a i l ed  microearthquake s tud i e s  i n  cen t r a l  and south-centra l  

Utah (Arabasz, 1981; see  f i g .  F-9) suggest t h a t  d i f f u s e  se i smic i ty  i n  areas  

where l i s t r i c  normal f au l t i ng  has been i den t i f i ed  i n  t h e  subsurface does not 

simply r e f l e c t  seismic s1 i p  on low-angle normal faul  ts ;  r a t h e r ,  seismic s l  i p  

seems t o  predominate on r e l a t i v e l y  high-angle f r a c t u r e  planes--e i ther  t he  

upper portion of west-dipping downward-flattening f a u l t s ,  r e l a t e d  east-dipping 

an t i  t h e t i c  faul  t s  , o r  moderately dipping secondary f a u l t s  wi thin  t h e  major 

f a u l t  blocks. Research on such problems i s  underway, but  is  s t i l l  i n  an 

ea r ly  stage.  



F I G U R E  F-9.-- cross-section depicting resu l t s  of detai led study of micro- 
seismicity, focal mechanisms, and correlation with geological s t ruc tu re  
near the southern end of the Wasatch f au l t  (from Arabasz, 1981). Earth- 
quake hypocenters, shown as small c i rc les  (open fo r  l e s s e r  qua1 i t y )  , are  
from f ie ld  study by McKee and Arabasz (1981). Geology adapted and "sanitized" 
from confidential oi 1 -company information. Rose diagram i n  upper p a d  of 
figure summarizes f a u l t  dips from subsurface s t ructure  chief ly  deleted 
from diagram. Faults within area of section delineated by heavy arrows 
were discretized in to  l-km-long segments, and th2'average or ienta t ion  o f  
the discrete segments was then measured and sumnarized. Focal mechanisms 
A,  B ,  C ,  and D were determined for  clustered hypocenters i n  the  corres- 
pondingly labeled boxes by i t e ra t ive ly  inverting SV/P amp1 i tude r a t i o s  
(Kiss1 inger -- e t  a1 . , 1981)--with constraints from P-wave f i r s t  motions. 
Despite the predominance of low-angle faul t ing inferred by o i l  -company 
sc ient is ts  i n  the subsurface, the focal mechanisms do not indicate seismic 
s l i p  on low-angl e (1 i s t r i c )  f au l t s .  Focal mechanisms a r e  lower-hemi sphere 
projections, equatorial plane. 
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F.2.2.2 Implications of h a r m  Occurrence. A recent  earthquake swarm sequence 

( M L  5 4.5) occurred during December 1980-May 1981 near Kanarravi l le ,  20 km 

southwest O F  Cedar City,  and was studied i n  d e t a i l  by Richins and o thers  (1981a). 

Epicenters located t o  an estimated precis ion of f 2 km by a .  joint-hypocenter-  

determination technique (e.g. , Dewey, 1979) separa te  i n to  two c l u s t e r s ,  5-10 km 

northwest and southeast ,  respect ively ,  of t h e  main t r a c e  of t h e  Hurricane 

f a u l t  ( f i g .  F-10). During the  swarm the re  was a temporal migrat ion of a c t i v i t y  

from the  southwest c lu s t e r  t o  t he  northwest c l u s t e r  involving " the  complete 

cessat ion of earthquakes (ML 5 1.5) i n  t h e  f i r s t  c l u s t e r  p r i o r  t o  a c t i v a t i o n  

of t he  second c l u s t e r  10 days l a t e r "  (Richins and o the r s ,  1981a). 

The Kanarravil le earthquake sequence t y p i f i e s  swarni s e i smic i t y  charac te r -  

i s t i c  of southwest Utah ( see  Section F .1 .2 .2)  a s  well a s  t h e  absence of any 

c l e a r  cor re la t ion  with mapped geologic s t r u c t u r e .  Richins and o thers  (1981a) 

i n t e rp re t  t h a t  the  sequence r e f l e c t s  deformation on subs id ia ry  s t r u c t u r e s ,  

r e la ted  in some complicated way t o  t he  Hurricane f a u l t .  

The tec ton ic  s ignif icance of swarm se i smic i ty  in  southrvest Utah i s  

poorly understood. One might argue t h a t  t h e  apparent predominance of swarm 

seismicity--with maximum events of only moderate s i z e  (ML44 t o  5 ) -  perhaps 

diminishes the  l ikelihood of l a rge  mainshock earthquakes i n  t h i s  a rea .  Such 

a posi t ion would be d i f f i c u l t  t o  maintain i n  view of geological  evidence f o r  

1 arge ,  a1 bei t infrequent,  earthquakes ( s ee  Section F.  2.1). Dewey and o the r s  

(1973) caution t h a t  swarm-produci ng t e c t o n i c  condit ions may be  highly l oca l  ized 

and do not necessar i ly  exempt a s i t e  from l a rge  "non-swarm" earthquakes nearby. 

For example, they note t h a t  a magnitude 6 3/4 earthquake occurred i n  1925 e a s t  

of Helena, Montana, only 60 km from areas  such as  Flathead Lake, Montana, and 



FIGURE F-10.--Summary map of swarin seismicity ( M  5 4.5) located by t he  
University o f  Utah near Kanarravil le,  Utah, dubing December 1980-May 
1981 ( a f t e r  Richins and o the r s ,  1981a). Earthquake ep icen te rs  (sol  i d  
c i r c l e s )  c lus te r  northwest and southeast  o f  the  t r a c e  o f  t he  Hurricane 
f a u l t .  Beach ba l l s  ind ica te  composite focal mechanisms (lower-hemisphere, 
equal-area projections;  compressional quadrants shaded) f o r  the two 
c lus te r s .  Out\.rard-directed arrows indicate  extensional d i r e c t i o n ;  ex- 
tensional d i rect ion shown w i t h  open c i r c l e  i s  from Anderson (1980), 
inferred from 1 a t e  Quaternary geology. 



Helena itself--areas characterized by historical swarm seismicity (e. g. , Smith 

and Sbar , 1974) . 

In summary, the significance of earthquake swarm occurrence in south- 

western Utah is:  

1. There is no observable correlation of such activity (which includes 
earthquakes up to Magnitude 43 to 5) with known major structures, 
and they are not thought to be associated with volcanic activity, and 

2. Therefore, it is possible that renewed swarm activity could occur any- 
where in southwestern Utah on a relatively frequent basis, and such 
activity could be located near any of the dam sites (especially those 
in the Cedar City area). 

F.2.2.3 Focal Mechanisms and S t r e s s  Orienta t ion.  Available focal-mechanism 

information f o r  the  main seismic b e l t  i n  cen t ra l  and southwest Utah i s  

s u ~ n a r i z e d  in  f igure  F-11, which shows a  predominance of normal f au l t i ng  

with extension predominant i n  a  general east-west  d i r ec t i on .  There c l e a r l y  

a r e  local  complications, however, as ref1  ected by reverse  f a u l t i n g  ( so lu t i on  

6)  o r  a  large  component of s t r i  ke-s l ip  displacement ( so lu t i ons  9 ,  10, 13,  

17,  19,  21). 

The mean d i rec t ion  o f  t he  T-axes ( t h e  d i r ec t i on  of l e a s t  pr incipal  

horizontal s t r e s s )  f o r  t he  earthquake focal  mechanisms shown i n  f i g u r e  F-11 

i s  i n  the  093'-273' d i rec t ion  (+ 2g0),  i e  , approximately east-west .  The 

modern regional s t r e s s  f i e l d  i n  t he  Basin and Range province i s  character ized 

on a  regional s ca l e  by a  horizontal  l e a s t  principal  s t r e s s  trending appro- 

ximately WNW-ESE (Zoback and Zoback, 1980). Along t he  eas te rn  Great Basin 

t he r e  i s  some var ia t ion.  In north-central  Utah t he  l e a s t -p r inc ipa l - s t r e s s  

o r i en t a t i on  i s  approximately N ~ ~ O E ,  a  d i r ec t i on  cons i s ten t ly  indicated by 

average T-axes from focal mechanisms, moment-tensor summation, hydrofrac 

measurement, and measurements of t he  o r i en t a t i on  of young f a u l t s  and 

s l  ickensides (Zoback, 1981). 



F I G U R E  F-11 .--Summary of  a v a i l a b l e  foca l  mechanism information f o r  the main 
se ismic  b e l t  i n  c e n t r a l  and southwest Utah ( a f t e r  Arabasz, 1981). Focal 
mechanisms a r e  lower-hemi sphe re ,  equal -a rea  p r o j e c t i o n s ,  wi th  compressional 
quadrants shaded. Outward-di r ec ted  arrows ind i  c a t e  ex tens iona l  d i  r e c t i o n  . 
Sources: 5 ,  14 ,  18, 19 (Smith and S b a r ,  1974);  6 ,  15 (Sbar  and o t h e r s ,  1972) ;  
11 ,  12 (Olson, 1976); 20, 21 (Richins  and o t h e r s ,  1981a);  o t h e r s  (unpub. d a t a ,  
Universi ty of Utah).  H = Hurricane f a u l t ,  S = S e v i e r  f a u l t ,  E = E l s i n o r e  
f a u l t ,  W = \!asatch f a u l t ,  T = Tushar  f a u l t .  



For the  data in  f igure  F-11 t he  mean l ea s t -p r inc ipa l - s t r e s s  o r i en t a t i on  

i s  s i g n i f i c a n t l y  d i f f e r en t  from ~ 7 5 ' ~ ~  as  ve r i f i ed  by applying S tuden t ' s  

t t e s t .  The ~ 7 5 ' ~  trend i s  i n t r i gu ing ,  however, because t he r e  appear t o  

be loca l  areas  where NE-SW trending T-axes represent  local  devia t ions  from 

more general WNW-ESE extension typical  of the  Great Basin on a regional s c a l e .  

I n  southwestern Utah, f o r  example, mechanisms 15 ,  16, 17 and 18 l i e  i n  an 

east-west be1 t coincident with ENE-trending geophysical anomal i e s  (Stewart  

and o the r s ,  1977). Each mechanism comes from a d i f f e r e n t  source of d a t a ,  y e t  

together  they display a remarkable consistency.  A measurement of i n  s i t u  -- 

s t r e s s  near Cedar City reported by Smith (1978, f i g .  6-12) shows a d i r ec t i on  

of minimum compressive s t r e s s  t h a t  a l s o  t rends  NE-SW. These observations 

r a i s e  t he  p o s s i b i l i t y  t h a t  local  s t r e s s  o r i en t a t i on  near Cedar City may be 

d i f f e r e n t  than t h a t  t o  t h e  south near S t .  George--perhaps somehow ce la ted  t o  

observed di f ferences  i n  background se i smic i ty  i n  the  two a r ea s .  
7 

F.2.2.4 Measurements of Ground Response -- i n  the  Cedar City Area. W . W .  Hays 

and K . W .  King of the  USGS have recorded nuclear explosions with por table  

broadband ve loc i ty  seismographs i n  various urban areas  i n  Utah t o  eva lua te  

ground-shaki ng hazard (e .g . ,  Hays and o the r s ,  1980). Cha rac t e r i s t i c s  of 

ground response determined by these  s t ud i e s  a r e  of value because of t h e  

exis tence of only one strong-rnotl'on record in  Utah--that f o r  t h e  1962 Cache 

Val 1 ey earthquake (ML5.7) in  northern Utah (Smith and Lehman , 1979) . 

King (1982) repor ts  r e s u l t s  of ground-response measurements recen t ly  

made i n  t he  Cedar City area a t  ten  s i t e s ,  where values of mean t r a n s f e r  

functions (ve loc i t y  spec t ra )  , re1 a t i v e  t o  rock s i t e s ,  'show d i f f e r ences  of a 

f a c t o r  of 5 i n  t he  period band 0.2-1.0 sec.  According t o  K.W. King (personal 

communication t o  W.J. Arabasz, March 1982),  one of t h e  t en  s i t e s  occupied 

during the  Cedar City ground-response study was a t  one of t h e  SCS dam-site 

embankments a t  t he  southeastern corner of Cedar Ci ty;  a t  t h i s  s i t e ,  ground 

response compared t o  rock s i t e s  was only higher by about a f a c t o r  of two. 
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F.  3 E A R T H g U A K E  R E C U R R E N C E  AND FAULT ACTIVITY RATES 

F.3.1 General Statement 

Rates of earthquake recurrence i n  any se ismical ly  a c t i v e  region can be 

variously estimated using both s e i  smol ogi cal and geological data  I f  a ca ta log 

of h i s to r ica l  and/or instrumental se ismici ty  i s  ava i l ab l e ,  then r e l a t i onsh ip s  

of earthquake frequency versus magnitude can be used t o  es t imate  the  average 

recurrence in terval  or  in te r -even t  time f o r  shocks of a spec i f i ed  magnitude. 

Recurrence estimates can a l s o  be made from seismic moment r a t e s  determined 

from avai lable  geologic data  on Quaternary f au l t i ng  (e .g . ,  J .G. Anderson, 1979; 

Mol nar  , 1979). Recurrence of sur f  ace Paul t i  ng events and f a u l t  d i  sp1 acement 

r a t e s  can be estimated from trenching s t cd i e s  o r  o the r  specia l  geologic s t ud i e s  

of spec i f i c  f a u l t  segments. 

Each of the  above-mentioned approaches has been recen t ly  applied t o  

d i f f e r e n t  seismically a c t i v e  areas  i n  Utah. In t h i s  sec t ion  we summarize 

ava i l ab l e  information on earthquake recurrence i n  southwestern Utah and evaluate  

parameters of earthquake generation and surface  f a u l t  displacement s p e c i f i c  

t o  t he  Cedar City-St. George area .  

The region considered for this study i s  shown in Fig. F-12a as subregion 111. 

2 This region of southwest Utah encompasses an area of approximately 56,  160 k m  . 

F. 3.2 Earthquake Frequency Versus Magnitude 

The re1 at ionship of earthquake frequency (of occurrence) versus magnitude 

i s  commonly expressed by t he  we1 1 -know equation:  

log N ( M )  = a - b~ (1) 

where N ( M )  is  the number of earthquakes of specified,magnitude M per u n i t  

t ime. Here we will  designate N ( M )  as  e i t h e r  n ,  t h e  annual frequency of 

occurrence of earthquakes of a given magni tude,  o r  a s  Nc (i . e . ,  "cumulative N') , 

t h e  annual frequency of occurrence of earthquakes equal t o  o r  g r ea t e r  than 

a given magnitude. 

Equation (1) def ines  a 1 inear  re la t ionsh ip  between log N ( M )  and M i n  
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which the slope coefficient b determines the relative proportion of small to large - 

earthquakes. The constant a depends both on the temporal and spatial distribution - 

of earthquakes within the region being considered. It is important to note that 

calculations of recurrence always imply a distribution of earthquake activity 

rvithin the region that must be clearly specified to compare recurrence intervals 

in a meaningful way. In most seismic risk studies this distribution is usually 

assumed to be uniform throughout the entire region. 

The following f a c t o r s  pose problems f o r  e s t ab l i sh ing  frequency-magnitude 

re la t ionsh ips  f o r  the study area:  (1) the  non-uniformity o f  t he  regional  

200-km-radius se i smic i ty  sample surrounding the  study a rea  ( f i g .  F-2) , and 

( 2 )  re1 a t i ve ly  low 1 ocal seismic activjty that precludes, say, the establishment 

of a r e l i a b l e  frequency-magnitude re la t ionsh ip  f o r  t h e  S t .  George area separa te  

from the  Cedar City area--much l e s s  separate  r e l a t i onsh ip s  f o r  individual  

f a u l t s .  Even f o r  t h e  rectangular  region encompassing t h e  Cedar City-St.  George 

area ( f i g .  F -6 ) ,  i t  i s  doubtful t h a t  the  post-1962 instrumental se i smic i ty  

provides a good bas i s  f o r  est imating the frequency of occurrence of damaging 

earthquakes. For t he  19.5-yr period July  1962-December 1981, t h e  l a t t e r  sample 

includes only 36 earthquakes of magnitude 3.0 o r  g r e a t e r  and i s  dominated by 

swarm earthquakes. 

In our judgment the  most meaningful approach i s  t o  follow t h e  analyses 

of se ismici ty  i n  t he  Utah region carr ied out  by Arabasz and o the r s  (1980) 

and Smith and Arabasz (1979) ,  r e s t r i c t i n g  a t t en t i on  t o  t he  Universi ty of Utah 

earthquake cata log.  S ~ n i  t h  and Arabasz (1979) performed analyses specific the 

southwest Utah region ( region 111, f i g .  F-12a ) . This region encorngasses an 

area of 56, 160 krn2 and reflects the seismotectonics of'the study area more 

appropriately than the 200-km-radius sample. 

Only independent mainshocks (or the largest event of a swarm sequence) 

were included in the following analyses, in order not to invalidate the assumption 

of a Poisson distribution. Accordingly, predicted numbers of earthquakes based 

on the various recurrence relationships likewise refer to independent shocks. 
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Figure F-12 sumar i ze s  recurrence r e l a t i o n s  f o r  t he  defined southwest 

Utah region. Figure F-12b shows the  annual frequency of occurrence versus 

maximum Modified Mercall i epi cen t ra l  i n t e n s i t y  i n  southwest Utah,  based upon 

the  129-yr record from 1850 through 1978. S tepp ' s  (1972) technique was used 

t o  co r r ec t  the  h i s t o r i c a l  ca ta log f o r  sample incompleteness. Assuming t h e  

Gutenberg and  Richter (1956) re la t ionsh ip :  ML = 1 + 2/3 I , ,  a s  j u s t i f i e d  f o r  

the  Utah region by the  U.S. Geological Survey (1976), t h e  r e s u l t s  of f i gu re  

F-1Zb can be transformed t o  express e i t h e r  n o r  N c  i n  terms o f  ML: 

log n = 1.64 - 0.54 ML (2)  

log Nc = 2.38 - 0.65 ML ( 3 )  

For t he  16.0-yr sample of instrumental se ismici ty  (1962-1978), t h e  following 

re la t ionsh ips  apply t o  the  southwest Utah region ( f i g .  F-12c ; Smith and Arabasz, 

1979) : 

log n = 2.38 - 0.74 ML ( 4 ) .  

log N c  = 2.73 - 0.74 ML ( 5 )  

Note t h a t  equations ( 2 )  through ( 5 )  apply t o  the frequency of occurrence of 

earthquakes for the entire southwest Utah region (region 111, f ig .  F-12a which 

2 has an area of 56 ,  160 k m  ). 
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FIGURE F-12.-- Earthquake recurrence data fo r  the Utah  region and subregions 
out1 ined i n  ( a ) .  ( b )  Annual frequency o f  occurrence versus I'.cdified Mercalli 
epicentral in tens i  ty , corrected f o r  sarnpl e i ncompleteness, based upon the 
129-yr record: 1850 through 1978. Letting N c  = the a n n u a l  number of  ezr th-  
quakes equal t o  o r  g rea te r  than a given magnitude, and n = t h e  a n n u a l  number 
of a given magnitude, the regression coef f ic ien t s  are: ( I )  log Nc = 2.34 - 
0.46 I,, l o g  n = 1.81 - 0.41 1,; (11) log N c =  2.26 - 0.48 Ic,  l o g  n =  1.72 - 
0.42 I,; a n d  (111) log Nc = 1.73 - 0.43 I o ,  log n - 1.10 - 0.36 Io. ( c )  Cum- 
ulat ive number of earthquakes versus magnitude f o r  the  16.0-yr sample o f  
instrumental se ismici ty  compiled i n  sect ion 8. Values o f  t h e  s lope coeff i -  
c ien t  b a t  the  95 percent confidence l i m i t s  computed from non-cumulative dis-  
tr ibutions by the method of maximum 1 i  kel ihood. 



The method of extreme values ( e . g . ,  U.S. Geological Survey, 1976; Arabasz 

and o the r s ,  1980) was a l so  applied t o  t h e  h i s t o r i ca l  data  s e t  f o r  1850-1978 

in  southwest Utah to  minimize e r r o r s  f o r  sample incompleteness; t he  r e s u l t s  

( f i g .  F-13) a r e  c lose  t o  those computed by the  re la t ionsh ip :  log Nc = 1.73 - 0.43 I. 

out l ined in  f i gu re  F- b. The extreme-value d i s t r i bu t i on  of maximum i n t e n s i t i e s  

i n  each year of the  h i s t o r i ca l  record i s  estimated by: 

where F ( x )  i s  t he  probabi l i ty  t h a t  t h e  l a r g e s t  earthquake i n  a year  wi l l  have 

i n t e n s i t y  l e s s  than o r  equal t o  x. The re tu rn  period R ,  t h e  i n t e rva l  i n  which 

an earthquake of a given i n t e n s i t y  o r  g r ea t e r  has a 63 percent p robab i l i ty  of 

occurrence, i s  estimated by (see  U.S. Geological Survey, 1976) : 

Here a l s o ,  maximum epicentra l  i n t e n s i t y  can be transformed t o  magnitude 

using: ML = 1 + 213 Io.  

Estimates of the frequency of occurrence f o r  a range of earthquake s izes - -  

using the  various re la t ionsh ips  derived from seismici ty--are  ou t l ined  in  

t a b l e  F-3. Values fo r  estimated recurrence within 50-km rad iu s  o f  any s i t e  

w i t h i n  t he  defined southwest Utah region simply assume uniform seismic activity 

throughout ' the region (a  reasonable assumption fo r  the  l a r g e r  earthquakes 

( s ee  f i g .  F-3)) and they account f o r  t he  propor t ional i ty  of a 50-km-radius 

area t o  the  t o t a l  southwest Utah sample area .  

A fundamental assumption regarding t he  est imation of earthquake recurrence 

i s  t h a t  t he  data  used t o  ca l cu l a t e  t h e  constants 5 and b i n  equation (1 )  

accurate ly  represent t he  long-term se i smic i ty  of a region.  I dea l l y  t h e  d a t a  

should represent  a long enough period of time t h a t  includes a t  l e a s t  one 

repea t  in terval  of the  l a r g e s t  earthquake. This c l ea r ly  i s  not  t h e  case  i n  

southwest Utah f o r  earthquakes l a rge r  than about 6 ,  so t he r e  i s  considerable 
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uncertainty in extrapolating to earthquakes of larger size. Cluff and others 

(1980), for example, discuss this problem at length for the Wasatch Front area 

of north-central Utah where extrapolation of the historical seismicity does 

not adequately represent the rate of occurrence of moderate to large earthquakes. 

Prior to the present investigation, the apparent absence of Holocene fault scarps 

in southwest Utah (Bucknam and others, 1980) seemed inconsistent with the 

estimated recurrence intervals of Q200-700 y r  for ML L 7.5 indicated in 

table F-3. The identification of Holocene and probable Holocene faulting during 

this investigation (see Section VIII)  removes some of this inconsistency and 

suggests that rather than being absent, Holocene faulting in southwest Utah 

is probably present in many areas, but not yet identified by site specific 

studies. 

Rates of earthquake occurrence in southwest Utah can be estimated fairly 

well for magnitudes up to about 6-6; on the basis of past seismicity. Comparing 

the data of tables F-1 and F-3, it can be seen that for the 129-yr historical 

record of southwest Utah the observed number of independent earthquakes in 

that region is 1 2 ML 6 .5 ,  3 2 lL 6.0 ,  8 L ML 5.5, and 18 L R'IL 5.0-- 

whereas the respective numbers of predicted earthquakes is % 2 ,  % 4, 7-8, 

and 14-17. 
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FIGURE F.43. --Extreme-value d i s t r i bu t i on  (dashed 1 i ne) showing the probabi 1 i  ty  

tha t  a given i n t e n s i t y  i s  the  l a rge s t  i n t e n s i t y  i n  a given yea r -  Also shown 

i s  the return period o r  the  in terval  in  which a g i v e n  i n t e n s i t y  o r  g r ea t e r  

has a 63 percent p robab i l i ty  o f  occurrence. The so l i d  l i n e  i nd i ca t e s  the 

recurrence r e l a t i onsh ip  derived by Smith and Arabasz (1979) f o r  southwest 

Utah, transformed t o  extreme probabi 1 i  t y  . 



Tab1 e F-3--Estimated Frequency o f  Occurrence o f  Darnagi n g  Earthquakes ( i n  y e a r s )  

Earthquake Recurrence f o r  E n t i r e  SW Utah Recurrence W i t h i n  50 km o f  any S i t e  

S i z e  Case I Case I 1  Case 111 - Case I Case I 1  Case I11 

Case I :  H i s t o r i c a l  d a t a ,  1850-1978: l o g  Nc  = 2.38 - 0.65 ML 

Case 11: H i s t o r i c a l  d a t a ,  1850-1978: R = I / [ -F (x ) ]  

where 

F(x)  = exp {-[-exp [ - ( x -3 .50 ) /1  .14] ] ,  -m<~<+m 

Case 111: Instrumental  d a t a ,  1962-1978: log  N c  = 2.73 - 0.74 ML 



F.3.3 Seismic Monent Rates 

The frequency of occurrence of moderate-to-large earthquakes can a lso  

be estimated from geologic data by re la t ing  geologically determined s l i p  

rates  on individual f a u l t s  t o  seismic moment r a t e s  (e.g., 3 . 6 .  Anderson, 1979; 

Mol nary 1979).  Such an approach useful 1y complements analysis based on the 

h is tor ic  record of seismicity,  which i s  generally too short  t o  evaluate with 
the 

confidence / long-term sei  smi c f l  ux over hundreds o r  thousands of years. 

Seismic moment Mo i s  a fundamental parameter now used by seismologists 

t o  describe the "size" of an earthquake. I n  p rac t ice ,  No i s  generally determined 

from spectral measurenents of seismic-wave recordings. An important r e s u l t  

based on e l a s t i c  dislocation theory i s  t h a t  seismic moment i s  proportionai 

to  the average s l  i p on a f a u l t  during an earthquake: Mo = li A u , where 
/- -- ---- 

p i s  the shear rnoddlus, ; ~ / i s  the f a u l t d r e 2  and ii i s  the average s l i p  on 
\ _ _ - -  - - 

the f a u l t  during an earthquake. Seismic moment r a t e  M o ,  the  r a t e  of occurrence 

of seismic moment, would then d i rec t ly  r e l a t e  to  the time derivat ive of u, 
which i s  the average s l i p  r a t e  along a f a u l t .  In simple terms, moment r a t e  

can be calculated from geological information on f a u l t  s l i p  r a t e  and f a u l t  

length, assuming sorri'e estimate of the depth of fau l t ing .  For a region, a moment 
/-\ ----- -.- - --- "- ..-" ----- - - , - -p---- 

ra te  can be estimated by summing the moment ' ra tes  of major f a u l t s  throughout 

the region, or by using a relationship involving the average r a t e  of deformation 

of a region (e .g . ,  J.G. Anderson, 1979).  

Assuming tha t  a31 s1 ip  on f a u l t s  occurs seismical l y ,  a theoret ical  expression 

can be derived for  N(M,) , the number of earthquakes per uni t  time of moment M, 

or greater (Molnar, 1979). The complicated expression i s  a function of geologically- 

determined moment r a t e s ,  the moment o f  the l a rges t  possible earthquake i n  the 
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region, the slope coeff ic ient  b from the frequency-magnitude relat ionship - 

appropriate for  the region, and another slope coef f ic ien t  defining an  empirical 

l inear  relationship between seismic moment and magnitude in a region 

(Molnar, 1979). The expression provides an upper 1 imit  for  N(Mo) i f  some 

aseismic s l i p  occurs on f a u l t s .  

Doser and Smith (1982; see a l so  Doser, 1980) have applied the moment r a t e  

method to various regions in Utah, including the southwest Utah region (region 111, 

f i g .  F-12a) defined by Smith and Arabasz (1979) f o r  recurrence analysis of 

seismicity. They f i r s t  determined a moment-magnitude sca le  f o r  Utah  based on 

the spectral analysis o f  19 earthquakes in  the Utah region i n  the magnitude (ML) 

range 3.7 to 6 .6 .  Moment ra tes  were calculated from a compilation of geologic 

information on s l i p  rates  of Quaternary fau l t ing  in  southwest U t a h .  Earthquake 

recurrence rates were then calculated using the - b-values of Smith and Arabasz 

(1979) and an appropriate coef f ic ien t  defining the moment-magni tude relat ionship.  

Results for southwest Utah a re  shown in f igure  F-14 (from Doser and Smith, 1952). 

For southwest Utah, the frequency of earthquake occurrence based on 

geologically determined moment r a t e s  i s  essent ial ly .  in  agreement with t h a t  

calculated from his tor ical  earthquake data ( f i g .  F -14) .  The estimated recurrence 

interval for an earthquake of 7.0 < - ML - 7.5 somewhere in the southwest Utah 

region i s  between 200 and 600 years ( ~ o s e r  and Smith, 1 9 8 2 ) ,  where the range 

r e su l t s  from an uncertainty in the moment-magnitude s c a l e  f o r  Utah. For t h e  

same magnitude range and area,  extrapolated seismicity (equations 3 ,  5 ,  6 ,  and 

7 )  would predict a recurrence interval between 200 and 500 years .  The discrepancy 

between such expectation of a scarp-forming earthquake somewhere in southwestern 

Utah every few to several hundred years and the apparent absence of Holocene 
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F I G U R E  F-14.--Comparison of  earthquake recurrence d a t a  f o r  the  sou th -  
western Utah region ( a s  well as the  e n t i r e  U t a h  region) based on 
seismic moment rates and h i s t o r i c a l  s e i smic i ty  (frorn Doser and Smith, 
1982). 



f a d  t scarps in  southwest Utah i s  unresolved. Anderson (1980) and Bucknam 

and others (1980) consider various i n t e r p r e t a t i o n s  re levan t  t o  this problem 

and believe t h a t  there  has been no radical  change i n  t h e  r a t e  of occurrence 

of large  earthquakes during Holocene time compared t o  t h e  l a t e  Quaternary 

record in southwest Utah. Two impl icat ions  a r e :  (1) the  recurrence i n t e rva l  

of surface  fau l t ing  on individual  f a u l t s  i n  southwest Utah may be very long ,  

and ( 2 )  there may be d i f f e r e n t  frequency-magnitude r e l a t i o n s  f o r  earthquakes 

smaller  than and la rger  than,  r espec t ive ly ,  about magnitude 6-6% i n  southwest 

Utah. 

Greensfel der and o thers  (1980) have used independent da ta  t o  es t imate  

moment r a t e s  f o r  various p a r t s  of the  Great Basin. The moment-rate ana ly s i s  

of Doser and Smith (1982) i s  judged more r e l i a b l e  f o r  app l ica t ion  t o  southwest  

Utah because of more careful  a t t e n t i o n  t o  extensive  loca l  geological information 

and ,  pa r t i cu l a r l y ,  because of the  de r iva t ion  of a moment-magnitude r e l a t i o n s h i p  

s p e c i f i c  f o r  t he  Utah region--as opposed t o  assuming a r e l a t i onsh ip  der ived 

f o r  Cal i fornia .  





Appendix G 

EMBANKMENT A N D  FOUNDATION CONDITIONS 

G-1. Green's Lake Dam No. 2 

Green's Lake Dam No. 2 was built in 1958. It  is a zoned compacted earth fill 

embankment with a height of approximately 20 feet,  a crest length of 1,315 fee t  

and a total fill of about 53,700 cubic yards. The darn has an estimated total 

capacity of 45 ac-ft. A representative cross section of the embankment is shown 

in Figure G-1. 

"As built" construction drawings of the embankment specify the core (Zone 11) 

materials a s  compacted select fill. Construction records and corresponding 

laboratory tests suggest that the material used to  construct the core is a 

calcareous sandy clayey silt or sandy silty clay with varying amounts of gravel. 

Similar materials were encountered in one exploratory borehole drilled through the 

core of the embankment during this investigation (see Appendix B). It  appears tha t  

these materials were to be originally co~npacted to a t  least 95 percent relative 

compaction as determined by the Standard Proctor test  procedure. I t  should b e  

noted that the maximum particle size of the materials used in the available 

construction compaction tests could not be determined. In addition, the  compac- 

tive effort specified for these test differs somewhat from the ASTM D698-70 

testing standard. Results of some of the in situ density tests performed during 

construction indicate relative compactions much less than this and some of the 

materials which did not meet the specified compaction requirement do not appear 

t o  have been rechecked or recompacted. Relative compactions ranging from 81 to  

111 percent were achieved during construction in the core materials yielding an  

average relative compaction of aSout 99 percent. 

Standard Penetration Test (sPT) results obtained from the  borehole drilled 

through the core of the embankment range from 25 t o  over 100 blows/foot. In 

most cases, however, the  higher blow counts were the result of pushing large pieces 

of gravel or small cobbles. Nevertheless, the materials comprising the  core of the 

embankment are probably dense and well compacted. 
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The Zone I material  which rnalces up the  outer shell of the embankment is 

specified on the "as built" construction drawing a s  a compacted soil, gravel and 

cobble fill. I t  appears tha t  only one in situ density tes t  was performed on these 
materials during construction. This test  yielded a relative compaction of 105 

percent. In situ density tes t s  performed in the tes t  pits excavated as part  of this 

investigation gave relative compactions ranging from 85 t o  90 percent  a s  deter- 

mined by test procedure ASTM DS98-70 method C. The materials logged in t h e  

test pits were primarily silty sands and sandy silts with varying amounts of gravel 

and cobbles (see Appendices C and D). Based on the  results of the  in situ density 

tests, these materials a r e  probably medium dense and a r e  moderately compact. 

The foundation at Green's Lake Dam No. 2 consists of alluvial and colluvial 

deposits. These deposits are stratified sands, silts, clays and gravels which contain 

varying amounts of gypsum. Cobbles and boulders a re  also commonly present. SPT 

blow counts taken in the boreholes drilled during this investigation range from 12 

to  more than 82 blows/foot with typical values around 20 t o  40 blows/foot. In s i tu  

density tests performed in one tes t  pit excavation gave an average relative 

compaction of approximately 92 percent. These results and the  SPT blow count 

da t a  indicate that the foundation soils are probably dense and a r e  moderately 

compact. 

The Green's Lake Dam No. 2 has performed satisfactorily since i t s  construc- 

tion. However, some minor caving of the  embankment into the reservoir a rea  has 

been reported to have occurred in 1980. A t  the time of the field investigation, 

some differential sett lement along the axis of the embankment and some cracks 

which run parallel to the embankment centerline were observed. Cracks were also 

observed in t he  foundation in the vicinity of the embankment. 
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G-2. Green's Lake Dam No. 3 

Green's Lake Dam No. 3 was built in 1958. It  is a zoned compacted ear th  fill 
embankment and is similar in construction t o  Green's Lake Dam No. 2. The  

embankment has a height of approximately 1 7  fee t ,  a crest length of 2,030 f e e t  and 

a to ta l  fill of about 74,600 cubic yards. A representative cross section of t h e  

embankment is shown in Figure G-2. 

"As built" construction drawings of the embankment show the  core (Zone 11) 

materials as compacted select fill. Records indicate tha t  these materials a r e  

similar to those used to  construct the core of Green's Lake Darn No. 2; t ha t  is, they 

consist of clayey sandy silts and sandy silty clays wit'n some gravel. These types of 

materials were present in the exploratory borehole drilled through the  core of the 

embankment during this investigation (see Appendix 5). However, t he  materials 

appear to  be generally more cohesive than the core materials of Green's Lake No. 

2. The core materials were to be originally compacted to  at leas t  95 percent  

relative cornpaction as determined by the Standard Proctor teat  procedure. As in 
the  case of Green's Lake Dam No. 2, limitations exist in t h e  available compaction 

test data  used in construction. In addition, sorne of the in s i tu  density tes t s  

performed during construction gave relative compactions less than the  specified 

compaction criterion. Out of a total  of 9 in situ density tests  performed in tile 

core of the embankment during construction, three tests had relative compactions 

less than 95 percent. Relative compactions ranged frorn 93 t o  1 0 2  percent. 

Standard Penetration Test  (SPT) results obtained from the  one borehole drilled 

through the core of the embankment range from 20 t o  52 blows/foot. This data and 

t h e  in situ density tests  performed during construction suggest tha t  the  core  af t h e  

embankment to  be medium dense to  dense, stiff t o  hard m d  moderately t o  well 

compacted. 

The shell (Zone I) materials consist of a compacted soil, gravel and cobble 

fill. A total  of five in situ density tests were performed in these  materials during 

construction. Relative compactions from these tests range from 98 t o  106 percent.  

Nine in situ density tests  were performed in the  shell materials in tine t e s t  pits 

excavated as part  of this investigation. Relative compactions obtained from 
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these tests range from 79 to  95 percent as determined by test  procedure ASTM 

DS98-70 method C. These tests yield an average relative compaction of 86 

percent. This data suggest that the upstream and downstream shells of the 
embankment are  probably medium dense and poorly t o  moderately compacted. 

The foundation at Green's Lake Dam No. 3 consists of alluvial and colluvial 

deposits. The foundation materials are stratified sands, silts, clays and gravels 

which contain considerable amounts of lime and gypsum. Cobbles and boulders a r e  

also commonly present. Overall, the foundation conditions a t  the  si te  a r e  

unfavorable due to  the permeable soils which a re  high in gypsum. 

SPT blow counts taken in the boreholes drilled in the foundation materials 

during this investigation range from 9 to  over 100 blows/foot, however, the higher 

blow counts were recorded in the gravelly foundation soils present a t  depth. SPT 

blow counts recorded in the finer-grained foundation soils are typically around 15 

to  30 blows/foot. In situ density tests performed in the foundation materials during 

this investigation yield relative co~npactions which average around 86 percent. 

These data indicate that  the foundation soils a re  stiff to  very stiff and rnediurn 

dense. 

The Green's Lake Dam No. 3 has experienced some operational problems 

since its construction. Subsidence was first noted in the  basin area  following a 

flood runoff which occurred during the summer of 1963. The area that subsided 

was circular in shape and wes restricted t o  the  east part of the reservoir adjacent 

to  the upstream toe of the embankment. Total vertical displacement along the  

fractures that developed amounted to  approximately 2 feet. The embankment 

itself did not experience any cracking or settlement and there appeared t o  be no 

seepage through the  foundation. 

Subsidence in the reservoir became progressively worse after  each storm and 

in 1965 the  area was repaired by placing a compacted blanket and by grading t h e  

area to  provide drainage toward the outlet. In 1967, flood water was retained in 

the reservoir for about 3 months. This caused extensive settlement in the  reservoir 

basin and in the dam. The reservoir basin near the east end of tile dam subsided 

more than 5 feet  and the subsided area extended through the dam. Cracks widened 

t o  depths of 15 to  20 fee t  by erosion and piping. Some block rotation 
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was also observed a1or.g the crest of the dam. The dam was considered ineffective 

a s  a flood-control structure a t  this time and extensive repairs had t o  be made t o  

make the structure operational. Consolidation of water-sensitive soils and piping 
along cracks through the  dam and the foundation are  the suspected causes of these 

problems. 

The cracks in the embankment and reservoir a rea  were repaired duririg the  

spring of 1969 by grouting them with a soil-slurry mixture. In all, approximately 

580 cubic yards of slurry were pumped into the cracks in the dam and reservoir 

bottom. The cracks in the dam were filled using about 465 cubic yards and t h e  

cracks in the reservoir bottom took 115 cubic yards. Most cracks in the dam were 

found to  be interconnected while the cracks in the reservoir were found t o  be  

generally quite shallow and not usually connected. 

At the  time of the  field investigation conducted a s  part  of this study, cracks 

along the upstream face and transverse to the crest on the embankment were 

observed. Settlement along the  dam crest was also noticeable. 
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Green's Lake Dam No. 5 

Green's Lake Dam No. 5 was built in 1958. It  is an uniform compacted earth 
fill dam with a height of 22 fee t  a t  maximum cross section, a crest length of about 
235 fee t  and a total fill of 27,100 cubic yards. A representative cross section of 

the embankment is shown in Figure G-3.  

The logs from one exploratory borehole and three test pits excavated a s  part  

of this investigation show that  the embankment materials consist primarily of 

clayey silts and silty clays (see Appendices B and C). Available construction 

records indicate that  these materials were to be compacted t o  a t  least 95 percent 

relative compaction as determined by the  Standard Proctor test procedure. Of 

nine in situ density tests  performed during construction of the  embankment, four 

tests  did not pass and results of one test are  questionable and are  probably in error. 

The relative compactions of the remaining four tests which passed the compaction 

criterion range from 95 to  107 percent. In situ density tests performed in the test  

pit excavated in the embankment during this investigation gave relative compac- 

tions ranging from 70 to  82 percent as  determined by test procedure ASTM D698- 

70 method C (see Appendices C and D). Standard Penetration Test (SPT) blow 

count data obtained from the one borehole drilled through the centerline of the 

embankment range from 1 7  to  63 blows/foot (see Appendix B). Most of the SPT 

blow count data indicate, however, that  the sampled embankment materials are 

very stiff/medium dense. Based on these data, it is prudent t o  assume that  the  

embankment was not uniformly compacted during construction and zones of poorly 

compacted materials probably exist within the embankment. Despite this, the  

embankment has performed satisfactorily up t o  the present tirne. Some minor 

cracking was observed in the embankment, however, it shows no obvious signs of 

structural distress. 

"As builtn drawings of Green's Lake Dain No. 5 show the  foundation of the  

embankment to  consist of clayey sands, sandy clays and clayey silts overIying 

stratified clayey sands, sandy clays, gravel and boulders. Most of the foundation 

materials contain considerable amounts of lime. The available drawings show tha t  

the cutoff trench of the embankment was excavated to t h e  lower coarse-grained 

soil units. The logs of the  boreholes drilled during this investigation encountered 
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similar types of foundation materials. SPT blow counts taken in the  foundation 

soils are typically very high ( > I 0 0  blows/foot). These measurements a r e  probably 

not a good basis upon which to estimate density or strength of the soil due to  the  
high percentage of gravel present. In situ density tests were performed in tes t  pits 
excavated into the finer-grained foundation soils. Relative compactions of these 

materials range from 84 to  9 1  percent indicating that  these soils a r e  medium dense 

and moderately compact. 
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G-4. Gypsum Wash Dam 

Gypsum Wash dam was built in 1974 and 1975. It is a zoned compacted earth 
fill dam with a height of approximately 30 feet, a crest length of 3,128 fee t  and an 

estimated total fill of 238,600 cubic yards (Margheim, 1972). The dam has an 

estimated total capacity of 440 ac-ft. A representative cross section of the  

embankment is shown in Figure G-4. 

According to the design report for Gypsurn Wash Dam (Margheirn, 1972), the 

materials that were to be used in the construction of the core (Zone I) consist of 

silty sands and sandy silts, with 20 t o  65 percent passing the No. 200 sieve. Logs of 

exploratory boreholes drilled through the core of the embankment during this 

investigation show this to be generally true, however, some clayey sands and 

gravels were also encountered. The core materials were originally corngacted t o  a t  

least 95 percent relative compaction as determined by test procedure ASTM D698- 

70 method A (Standard Proctor). Relative compactions ranging from 95 to  135 
percent were obtained from density tests performed a t  the time of construction. . 

An average relative compaction of 99 percent was computed from 71 available in 

situ density tests. Standard Penetration Test (SPT) blow count data obtained from 

the boreholes drilled through the core of the embankment (see Appendix 3) range 

from 23 t o  well over 100  blows/foot with values typically being about 30 t o  40 

blows/foot. These results, along with available construction records, show that  the  

Zone I materials are dense t o  very dense and are well compacted. 

According to  the design report for Gypsum Wash Dam, the  upstream and 

downstream shells (Zone 111) of the embankment were to be constructed of poorly 

graded to silty gravels and silty sands with less than 25 percent fines. Coarser 

gravels were to be routed t o  the outside of the shell to  provide protection against 

rilling and wind erosion. Test pits excavated in the upstream and downstream 

shells of the embank~nent during the  course of this investigation show this to  be 

generally true. The Zone I11 materials were compacted to a t  least  95 percent 

relative compaction as  determined by test procedure ASTM D698-70 method C. 

Construction records indicate that  relative compactions between 95 and 104 

percent were obtained during construction and an average relative compaction of 

99 percent was obtained from all the in situ density tests. Two in situ density 
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tests  performed in the test pits excavated as  part of this investigation have 

relative colnpactions of 85 and 88 percent. These values are  not a s  high a s  those 

given in the construction records (see Appendix D), however, these materials were 
logged as being dense and cornpact. 

The l e f t  and right abutments and foundation of the embankment consists of 

gypsiferous interbedded shale and siltstone which are moderately fractured and 

weathered. The bedrock was originally overlain with a relatively shallow veneer of 

gypsif erous alluvial soils consisting of low plasticity silts, clays and silty sands. 

This material was removed prior to the construction of the embankment. A cutoff 

trench was excavated into the firm shale deposits. SPT blow counts recorded in 

the foundation materials during this investigation range from 25 to  well over a 100 

blows/foot, Overall, the  foundation conditions a t  Gypsum Wash Dam a r e  good and 

the perfor~nance of the dam has been satisfactory. During the field investigation, 

some bulges were noted along the downstream slope of the embankment, however, 

there was no evidence of any settlement or excessive cracking along the  crest  of 

the embanlcment. 
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G-5. Warner Draw Dam 

Warner Draw Dam was built in 1974. The embankment has a height of 
approximately 60 feet at  its maximum cross section and a crest length of about 

1,300 feet. The structure was constructed using about 164,000 cubic yards of fill 

material with a total capacity of approximately 1,048 ac-ft (Deming and Bridges, 

1971). 

"As built" drawings and construction records of Warner Draw dam indicate 

that it is a zoned earthfill embankment. A representative cross section of the dam 

is shown in Figure G-5. The Zone I core materials of the embankment consist 

primarily of clayey sands and clayey silty ~ands .  The core materials were 

compacted to at least 95 percent relative compaction as determined by test 

procedure ASTM D698-70 method A (Standard Proctor). Relative compactions 

ranging from 95 to 107 percent were achieved during construction in the Zone I 

materials. An average relative compaction close to 100 percent was computed 
from the available construction records. 

Standard Penetration Test (SPT) results obtained from the exploratory 

boreholes drilled through the core during this investigation (see Appendix B) were 

found to range from 15 to 74 blows/foot. SPT blow counts were typica-lly within 40 

to 60 blows/foot indicating that the Zone I materials are dense to very dense and 

are well compacted. 

The upstream and downstream shells of the embankment (Zone 111) are 

constructed of silty and clayey sands with some gravel and cobbles. The Zone I11 

materials were also compacted to a t  least 95 percent relative compaction as 

determined by test procedure ASTM D698-70 method C. Relative compactions 

ranging from 95 to 1 0 1  percent were achieved during construction and an average 

relative compaction of 98 percent was computed from the available construction 

records. 

The SPT blow counts obtained in the Zone I11 materials during this investiga- 

tion averaged about 50 to 60 blows/foot indicating that these materials are dense 

to very dense. In situ density tests performed in a test pit excavated near the 
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crest of t h e  embankment  (see Appendices C and  D) verified t h e  dense n a t u r e  of t i le 

Zone I11 embankment  materials. 

Foundation conditions at t h e  Warner Draw Dam site are generally good. T h e  
right abu tment  of Warner Draw Dam consists primarily of sandstone with s o m e  

interbedded si l ts  tone and shale. T h e  l e f t  abu tment  consists of alluvial materials .  

Logs of boreholes available in t h e  geologic repor t  for Warnet* Draw Dam (Derning 

and  Bridges, 1971) indicate tha t  the  alluvial mater ia ls  are very dense, interbedded 

sands, s i l ty  sands and some clayey sands. These  soils a r e  weakly t o  moderate ly  

cemented  with l i m e  and overlay sha le  and sandstone bedrock. The  foundation of 

t h e  dam embankment  near  its maximurn cross sect ion consists  of wea thered  

sil'ts tone and shale. 
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G-6. Stucki Dam 

Stucki Dam was built in 1974. The embankment has a height above the 
surrounding ground surface of approximately 30 feet. However, because of the  

poor foundation conditions that were anticipated from geologic investigations, deep 

foundation excavations were made and the actual filled embankment height is 

about 45 feet.  The crest length of the embankment is about 1,400 feet. A 

preliminary estimate of the amount of fill material required t o  construct t h e  

embankment is approximately 63,000 cubic yards. The estimated capacity of the 

reservoir is about 126 ac-ft. 

Stucki Dam is a zoned earthfill embankm,ent. A representative cross section 

of the embznkment is shown in Figure G-6. Exploratory boreholes drilled a s  part of 

this investigation in the Zone I core of the embankment indicate that it consists of 

silty sands, clayey silty sands and clayey sands. These materials were compacted 
to  a t  least 95 percent relative compaction as determined by test  procedure ASTM 

D698-70 method A (Standard Proctor). Relative compactions ranging from 95 t o  

103 percent were achieved during construction in these materials yielding an 

average relative compaction of about 99%. Standard Penetration Test (SPT) 

results obtained from the boreholes drilled within the core a s  part  of this 

investigation range from 20 t o  84 blows/foot with typical values on the  order of 30 

t o  50 blows/foot (see Appendix 5). These results, along with construction records, 

indicate tha t  the Zone I core materials are very stiff to dense and are  well 

compacted. 

The upstream and downstream shells of the embslnkment (Zone 111) consist 

primarily cf silty sands which contain varying amounts of gravel and cobbles. The 

Zone I11 materials were compacted to at least 95 percent relative compaction as  

determined by test  procedure ASTM D693-70 method C. Available construction 

records indicate relative compactions ranging from 96 t o  105 percent were 

achieved and an average relative compaction of about 99% was calculated for  

these materials. 

The SP'I' blow counts obtained in the Zone I11 materials during this investiga- 

tion averaged about 40 to  50 blows/foot. Relative compactions obtained from in 

situ density tests performed in test pit excavated along the upstream shell of the 
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embankment were found to range from 9 3  to  106 percent (see Appendices C and D). 

These results are in good agreement with the available construction records 

indicating that the Zone 111 materials are dense t o  very dense and are well 
compacted. 

The geologic report for Stucki Dam reported that geologic conditions a t  the  

site are poor (Deming and Bridges, 1971). Pervious, gypsiferous alluvial and 

colluvial depcsits were found to underlie the foundation and right abutment. Soft ,  

fractured silty sandstones were also discovered in the  left  abutment. In order t o  

prevent settlement and piping in the foundation, nearly all of the highly gypsiferous 

and pervious deposits were removed prior to  the construction of the  embankment 

and rather deep cutoff excavations were constructed. These measures appear to 

have yielded a satisfactory design since the embankment does not show any  

significant signs of distress a t  the present time. Logs of boreholes available in the  

geologic report indicate that the foundation of the  embankment primarily consists 

of sand, silty sands and clayey sands. Some of these deposits contain varying 

amounts of gypsum. SPT blow counts indicate that  the foundation soils are dense 

t o  very dense. SPT blow counts data and in situ density tests  performed during this 

investigation generally agree with the findings of previous investigations. 
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G-7. Frog Hollow Dam 

Frog Hollow Dam was constructed in two stages. The original embankment 

was constructed in 1956 and had a height of approximately 33 fee t  at maximum 

cross section and a crest length of 600 feet. Major portions of the old embankment 

were removed and used as  construction materials in the  1978 reconstruction of the  

dam. The reconstruction effectively raised the old dam about 1 6  feet.  The present 

dam has a total height of 48 fee t  a t  the maximum cross section and a crest  length 

of 1,900 feet. 

"As builtv drawings and construction records of Frog Hollow dam indicate 

that  the portion of the embankment built in 1978 consisted of zoned earth fill. A 

representative cross section of the embankment is shown in Figure (2-7. 

No information was available at the time of writing of this report on the  

composition and geometry of the original embankment. Logs of three exploratory 

boreholes drilled along the  crest of the embankment and four test pits excavated 

during this investigation (see Appendices B and C) show that  the Zone I (see Figure 

G-7) materials consist of sandy and silty clays, sandy silts and silty sands with 

varying amounts of gravel and a few scattered cobbles. The Zone I materials in the 

portion of the embankment constructed in 1978 were compacted to at least 9 5  

percent relative compaction as determined by test procedure ASTM D-698 method 

A (Standard Proctor). Relative compactions ranging from 94 t o  128 percent were 

achieved during construction in the Zone I materials. A number of in situ density 

tests performed during construction yielded relative compactions less than t h e  

specified compaction criterion (i.e., 95 percent relative compaction). For these 

tests, i t  appears that  additional compactive effort was applied t o  these lifts before 

additional fill was placed. 

Standard Penetration Test (SPT) results obtained from one exploratory 

borehole drilled through the  Zone I materials during this invqstigation range from 

26 t o  48 blows/foot with typical values being around 30 blows/foot. Logs from 

three exploratory boreholes drilled through the Zone I materials during this 

investigation do not indicate any changes in material type or consistency a t  the  

depths where the original embankment materials (i.e., the  embankment constructed 

in 1956) should have been encountered. I t  was discovered af ter  the  completion of 

the field exploration program that  the  borings drilled along the  crest were located 
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in the vicinity of the old corrugated metal pipe which was part of the  principal 

spillway of the original embankment. The original embankment was removed in 

this area in order to remove the pipe and was probably backfilled with Zone I fill 

materials. Therefore, materials comprising the original embankment were never 

encountered in any of the boreholes. The log from one shallow borehole drilled 

along the crest of the original embankment during the geologic investigation for 

the new embankment (Deming, 1976) indicates that  the old embankment materials 

consists of gravelly silty sand which contains some cobbles. 

In situ density tests performed in one test pit excavated in the  Zone I 

materials of the new embankment during this investigation yield relative compac- 

tions of 95 and 100 percent (see Appendices C and D) as determined by tes t  

procedure ASTM D-698 method C (Standard Proctor). These results and the  SPT 

blow count data suggest that  the Zone I materials a re  very stiff to hard and a r e  

well compacted. 

Construction records and the "as built" construction drawings of the embank- 

ment do not specify the types of materials used to construct the downstream shell 

(Zone 11). The log from one test pit excavated during this investigation shows that  

the  shell material consists of coarse gravel and cobbles in a silty clay matrix. Two 

in situ density tests performed in the test pits gave relative compactions of 79 ar.d 

92  percent. Construction records suggest that in situ density tests  were not 

performed in the Zone I1 shell materials during construction. The ma.terials were 

probably compacted using the same techniques as were used t o  place the  Zone I 

embankment materials. Based on the limited amount of available data, i t  is 

prudent to assume that  the Zone 11 shell materials a re  probably stiff/medium dense 

and are moderately compact. 

The geologic report for the Frog Hollow dam site indicates that  the  si te  is 

geologically a poor location for a flood control structure (Deming, 1976). Most of 

the site's foundation consists of basalt flows and gypsiferous uiiconsolidated alluvial 

and colluvial deposits. The lef t  abutment of the dam is formed by two basalt 'flows 

which are  separated by a three to  five foot thick deposit of highly compacted sandy 

silt which can be classified locally as a siltstone. Approximately 10 t o  20 fee t  of 

alluvium originally covered the basalt flows a t  the lef t  abutment, however, most of 
this material was removed in the  cut-off and drain trench excavations. 
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T h e  basal t  flows a r e  dark g ray  t o  black in color, f r ac tu red ,  very  fine-grained 

and  highly vesicular along t h e  top and bottom cooling zones. T h e  permeabil i ty of 

t h e  rock is high in t h e  f rac tu red  zones and along most joints. Piping of fine- 

grained embankment mater ia ls  and t h e  materials  separat ing t h e  two  basal t  f lows 

was considered a possibility because of t h e  highly permeable basalt .  Construct ion 

drawing of the  portion of t h e  embankment  built in 1978 show t h a t  a p ro tec t ive  

blanket of Zone I embankment  mater ia ls  was placed along t h e  l e f t  a b u t m e n t  to 

prevent  piping. 

T h e  younger basal t  flow is absent  in the  r ight abutment  of t h e  dam, however, 

t h e  upper cooling zone of t h e  older basalt  flow was found t o  b e  highly permeable.  

T h e  inner portion of t h e  f low (below t h e  upperl cooling zone) is dense  and  l ightly 

f rac tu red  (Deming, 1976) with smal l  ~lonconnect ing vesicles. The  joints in th i s  

portion of t h e  basalt  ere generally t ight  with some joints being filled with s i l t  and  

clay. The  right abu tment  basalt  was overlain by approximately 5 t o  1 0  f e e t  o f  

calcareous,  gypsiferous, sandy and clayey alluvium, however, th is  mate r ia l  was 

removed prior t o  t h e  construction of t h e  embankment.  Piping be tween  t h e  

vesicular, upper cooling zone found in t h e  right abutment  and t h e  f ine -ga ined  

embankment  mater ia ls  was considered a possibility at t h e  t i m e  of t h e  geologic 

investigation. 

T h e  valley foundation of t h e  embankment  is a narrow channel  c u t  in t h e  older 

(deeper) basalt  flow. Both abu tments  slope steeply towards t h e  channel foundation. 

Erosion has  removed t h e  upper cooling zone of t h e  flow and t h e  basalt remaining in  

t h e  valley is only "lightly f rac tu red  and intensely (Deming, 1976) weathered". 

Jo in t s  in the  rock were  repor ted t o  b e  generally t ight  and permeabil i ty rates were  

low. 

Frog  Hollow dam has  experienced s o m e  cracking problems s ince  t h e  construc- 

tion of t h e  raised portion of t h e  embankment  in 1978. In ea r ly  1981, t h e  c r a c k s  

were  investigated by SCS by digging a ser ies  of t renches  alongbthe cen te r l ine  of t h e  

embankment.  The  c racks  t h a t  were  noted were  mostly t ransverse  t o  t h e  cen te r l ine  

of t h e  embankment  and ranged f rom 3 t o  9 f e e t  in depth. Many c racks  were  found 

t o  extend through t h e  en t i re  embankment  fill. The  width of t h e  c racks  ranged 

f rom hairline f rac tu res  t o  1; inches and averaged about 3 inch. All c r a c k s  were  
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open a t  the surface and gradually narrowed a t  depth. Many of the  cracks were 

found to be filled with grass and roots. 

In addition to the transverse cracking of the embankment, one longitudinal 

crack was also found. It  extended from about station 11+00 to  12+00 and was 35 

f ee t  upstream of the centerline. Additional longitudinal cracking was noted along 

the upstream face of the embankment during the field investigation conducted as  

part of this study. No explanation has been offered in the available studies that  

have been conducted to date as  to  the cause of this cracking. However, "as built" 

construction drawings of the portion of the embankment built in 1978 show that the 

cut-off trench in the vicinity of the cracks was probably placed in old debris basin 

deposits w.d/or alluvial and colluvial deposits. Consolidation of these materials 

could, therefore, be a possible cause of these cracks. 

During the drilling' operations conducted as part of this investigation, a 

significant zone of apparently low density materials was encountered in the  

interval between 504 fee t  to 55 feet  of borehole FI-1-1. This hole was drilled to  a 

depth of 506 feet  on the first day of the drilling operations at the  dam site. The 

drill rods were pulled out of the hole a t  the end of the day and the  water level in 

the hole was very near the surface. At the beginning of the next day, there was no 

water in the hole to the depth of 504 feet. Drill rods were let down to this depth 

and subsequently '!dropped" to a depth of 55 feet. No circulation was established 

below a depth of 506 fee t  and no soil samples were obtained between 504 t o  55 

feet.  A Pitcher barrel soil sample was obtained from 55 to 56.8 f ee t  and was found 

t o  be a sandy siltjsandy clay. 

Because of the anomalous water loss and the apparently very weak soils 

encountered, two additional boreholes were drilled on either side of boring FH-1. 

The soils encountered in the two additional boreholes a t  depths comparable to  the 

anomalous water loss zone of boring FH-1 consisted of sandy claybandy silt. SPT 

blow counts taken in these soils were somewhat less than those recorded in the  

surrounding soils. 

The anomalous water loss experienced in borehole FH-I could be  the result of 

several factors. First, the 50 fee t  of hydraulic head acting on the soils overnight 

could have softened them to  the extent that they could not be sampled. Second, 
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borehole FH-1 was drilled a t  the approximate location of the old 24 inches 

corrugated metal pipe which was part of the principal spillway structure of the  

original embankment, as  was previously noted. This pipe was removed and the 

trench was backfilled prior to the construction of the new embankment raise. I t  is  

possible that the backfill of the trench was poorly placed resulting in the weak 

zone of soils encountered in borehole FH-1. 

The causes of the embankment cracking of Frog Hollow dam and remedial 

measures to  repair the embankment are  presently being investigated by the  SCS. 
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G-8. Ivins Diversion Dam No. 5 

The Ivins Diversion Darn No. 5 was built in 1977. The embankment is an 
uniform compacted earth fi l l  dam with a crest length of about 5,300 feet and a 

height of 20 feet at  its maximum cross seztion. A represeiltative cross section of 

the embankment is shown ifl Figure G-8. 

Information obtained from the exploratory boreholes and test pits excavated 

as part of this investigation suggest that some attempt might have been made 

during construction to place the finer-grained fill materials near the centzrline of 

the embankment. The logs of three exploratory boreholes drilled along the crest of 

the embankment indicate that the center of embankment consists of silty sands and 

sandy silts containing some medium to coarse sand and fine gravel. Standard . 
Penetration Tests (SPT) perforined in these materials range from 33 to 90 

blows/foot (see Appendix B) indicating that these materials are dense to very 

dense. 

Logs of the test pit excavations show that the materials near the slopes of 

the embank~ment are sandy silts and silty sands with varying amounts of coarse 

sand, gravel and scattered cobbles. Three in situ sand core density tests perforined 

in these materials during this investigation show that they are generally dense and 

have a relative cornpaction averaging about 97 percent (see Appendices C and D) as 

determined by test procedure ASTM D-698 method C (Standard Proctor). In situ 

density tests performed at the time of construction of Ivins Diversion Dam No. 5 

are limited. However, they do show that the embankment was compacted to a t  

least 95 percent relative compaction as determined by test procedure ASTM D698.- 

70 method A. 

The geologic report for the Ivins site (Bridges, 1972) states that the site is 

geologically a poor location for this type of flood structure. The foundation and 

abu trn ents are underlain by gypsif erous, pervious, water-sensi tive soils and 

weathered, gypsiferous bedrock. Vugs and small solution channels were reported in 

the upper part of the bedrock which consists of interbedded siltstones and 

sandstones. The foundation and abutments are reported to be subject to settlement 
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and/or piping because of the gypsiferous water-sensitive soils and bedrock. The 

geologic report recommended that the loose materials in the foundation should be 

renloved or consolidated to prevent excessive settlement and that a cutoff should 
be dug into the bedrock to prevent possible piping. 

Available advanced copies of the "as builttt drawings of the dam suggest that  

the  location of the centerline and the configuration of the  embankment were 

modified several times from those reported in the geologic report. The precon- 

struetion drawings show a cutoff trench only 4 feet  deep. The available drawings 

do not show whether or not the cutoff trench was excavated into the bedrock, 

Logs of the exploratory boreholes and test pits excavated during this 

investigation indicate that the foundation soils consist of medium dense to very 

dense sandy silts and silty sands which contain varying amounts of gypsum. SPT 

blow counts range fro01 i 4  to  over 80 blows/foot with typical values mound 40 t o  

50 blows/foot. In situ density tests performed in two test pit excavations yield 

relative compactions ranging frorn 82 to 95 percent. Siltstone bedrock was 

encountered in two of the exploratory borehcles and was  found t o  be deeply 

weathered and to contain abundant gypsum. Despite the poor geologic conditions, 

only some minor cracks and erosion in the embankment was observed at the time of 

the field investigation. 
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Emergency Spillway Crest 
Elevation 6067.5 

R/C Chute Spillway Crest 
Elevation 6063.75 
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Zone Material 

I Compacted soil, gravel and cobble fill. 

I I Clayey silt, sandy silty clay with some gravel. 

Note: g.s, indicates approximate ground surface. 
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Principal Spillway Crest 

Emergency Spillway Crest 
Elevation 2987.0 
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UTAH EARTHQUAKE CATALOG 1850 - June 1962 
Compdcd by ( l l & ~  J. A t c b a z  aud r!(arig E .  A~CKCC 

( EXPLP.NAT ION) 

This ca ta log chronological ly  l i s t s  a l l  earthquakes i n  t h e  Utah region, 
36'45'N - 42"301N and 108O45'W - 114"15'W, t ha t  have been i d e n t i f i e d  s ince  
1850, the year  of pub1 i c a t i on  of the  f i r s t  newspaper in  Utah, through June 
1962. The following data a r e  l i s t e d  f o r  each event: 

Year ( Y R ) ,  d a t e ,  and o r i g in  time ( O R I G  TIHE) in Universal or 
Greenwhich Mean Time (GMT). "Local time" i s  7 hours e a r l i e r  
than GMT ( i . e . ,  local  t i n e  = GMT - 7 hours) except  f o r  t h r e e  
time per iods  when i t  was 6 hrs e a r l i e r :  ( 1 )  02:OO Mar. 31, 
1918 - 02:OO Oct. 27, 1918; ( 2 )  02:OO Rar. 30, 1919 - 02:OO Oct. 
26, 1919; and (3 )  02:OO Feb. 9 ,  1942 - 02:OO Sept ,  30, 1945. 
Origin time given i n  hours and minutes f o r  non-instrumental 
loca t ions ,  and i n  hours, minutes, and seconds f o r  instrumental  
loca t ions .  

2. Earthquake loca t ion  coordinates  i n  degrees and minutes of north 
l a t i t u d e  (LAT-N) and west longi tude ( L O N G - W )  . For non-instru- 
mental l o c a t i o n s ,  ep icen te r  i s  assumed; in most c a s e s ,  assigned 
coordinates  correspond t o  locat ion of town o r  c i t y  where f e l t  
e f f e c t s  were s t r onges t .  Epicen t r a l  accuracy E ~ 2 5 - 5 0  km. 

3. N A G ,  e s t i v a t e d  Richter  magnitude determined i n  one of four  ways, 
a s  ind ica ted  by a s u f f i x :  (1) I implies es t imate  from maximum 
Modified Mercal 1 i In tensi  ty  (INT) assuming the  Gutenberg-Richter 
r e l a t i on  (Gutenberg and Richter ,  1956, -- Bull.  Seism. Soc. Am. - 46, 
105-145): MAG = 1 + 213  (INT); ( 2 )  M implies magnitude de te r -  
mined by Seismological Laboratory in Pasadena, ( 3 )  N implies mag- 
n i tude est imated by Universi ty ~f Nevada (Reference 5 ,  see  
below); and ( 4 )  X implies value a r b i t r a r i l y  assumed f o r  event of 
un iden t i f i ed  s i z e ;  X = 2.3 f o r  non-instrumental l o c a t i o n s ,  and 
3.0 f o r  instrumental  loca t ions .  

4. INT, niaximurn Modified Mercall i  I n t ens i t y ,  Unless otherwise noted, 
i n t e n s i t y  i s  from Reference 1 ( see  below) f o r  earthquakes through 
1949, and from Reference 8 ( see  below) t h e r e a f t e r .  Where sources 
d isagree  on maximum i n t e n s i t y ,  range i s  ind ica ted  a s  a comment 
and a maximum value has been in te rpre ted .  For even t s  of unidenti-  
f i ed  s i z e  ( X  s u f f i x  in MAG column), i n t e n s i t y  I1  a r b i t r a r i l y  
assumed f o r  non-instrumental locations--and no i n t e n s i t y  assigned 
f o r  instrumental  loca t ions .  

5. Conments: compilation of the  1850 - 1962 ca t a log  has involved 
the ca re fu l  checking and co r r e l a t i on  of numerous sources--and 
extensive annota t ion.  For convenience, severa l  abbrev ia t ions  and 
numbered references  have been used, a s  ou t l ined  below. Earth- 
quakes v1i thou t  conments ueneral ly  a r e  from Reference 1 f o r  1850-1949, 
and from e i t h e r  Reference 6 ( instruniental)  o r  Reference 8 (non- 
ins t rumental )  f o r  1950-1962. 



Abbrevia t ions  

LOC : l o c a t i o n  ASSGN: a s s igned  
INT: i n t e n s i t y  (Kodi f ied  ~ e r c a l l  i  ) A'SHOCK: a f t e r s h o c k  
PAS: Pasadena, Se ismologica l  Laboratory F'SHOCK: foreshock  
N E V :  Un ive r s i t y  o f  Nevada, Reno SALT L K :  S a l t  Lake 
ID: Idaho !!AS : magnitude 
UT: Utah 
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UTAH E A R T H Q U A K E  CATALOG: JULY 1962 - PRESENT 

Utah earthquakes f o r  Ju ly  1 ,  1962 through present  a r e  l i s t e d  i n  chrono- 
logical  order.  The following data a r e  l i s t e d  f o r  each event:  

1. Year (YR), date and o r i g i n  time in Universal Coordinated Time (UTC). 
Subtact seven hours t o  conver t  t o  Mountain Stzndard Time (MST). 

2. Earthquake loca t ion  coordinates  in degrees and minutes of  north 
l a t i t u d e  ( L A T - N )  and west longitude ( L O N G - W ) ,  and depth in  k i lo -  
meters. "*" i nd i ca t e s  depth r e s t r i c t e d  t o  the  i n i t i a l  t r i a l  depth 
due t o  poor depth r e so lu t i on .  

3. MAG,  computed loca l  rnagni tude fo r  each earthquake. ")I" i nd i ca t e s  
or ig inal  Mood-Anderson records used. "M" i nd ica tes  a  magnitude l e s s  
than 1.5. 

4. NO, number of P ,  S and S-P readings used in  so lu t ion .  

5. GAP,  l a rge s t  azimuthal separat ion i n  degrees between recording 
s t a t i o n s  used i n  the  so lu t i on .  

6. DEIt4, ep icentra l  d i s t ance  i n  kilometers t o  the c l o s e s t  s t a t i o n .  

7. RMS, root-mean-square e r r o r  in  seconds of t he  t ravel - t ime res idua l s :  

RMS = ( Z ( \ , J ~ R ~ ~ ) / ~ ~ O ) '  
i 

where : 

R i  i s  the observed minus the  computed a r r i v a l  t i ~ n e s  of P ,  S ,  
o r  S-P data  a t  the  i - t h  s t a t i o n ,  

W .  i s  the  r e l a t i v e  weight given t o  t he  i - t h  s t a t i o n  (0.0 f o r  
1 no weight through 1 .0  f o r  f u l l  weight) f o r  t h e  type of data 

(P, 5, o r  S -P) .  

NO a s  descri  bed above. 



8. Q,  q u a l i t y  c l a s s  of the  hypocenter. 

a )  Ju ly  1962 through September 1974. 

Qua1 i ty , - N 0 RMS - E R H  - 

A 6 0.25 5.0 
B 6 0.50 10.0 
C 6 0.75 15.0 
D Others 

b )  October 1974 through present--Q i s  the  average o f  S and D 
defined a s  follows: 

RMS - 

0.75 
0.30 
0.50 

Others 

6 
6 
6 

Others 

E R H  - 

G A P  - 

ERZ - 

Depth o r  5 km 
2xDepth o r  5 km 

50 km 

Where: 

ERH and  E R Z  represent  the l a r g e s t  hor izonta l  and v e r t i c a l  
decia t ion respec t ive ly  in ki lometers wi thin  the e r r o r  
e l l i p s o i d .  

NOTE: The  values i n  these  t ab l e s  represen t  t he  m i n i m u m  acceptable  
values fo r  each q u a l i t y  c l a s s .  
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Earthauakez w i t h i n  150km o f  S t ,  Georse s i t e ,  Ha< J+O znd zboa2e 

56,1 
6 0 ' 4  
5 6 + 9  
c'r 
J 3  + ?  
C r: - 
%lJ t i !  



Esrt.hauakes w i t h i n  150km o f  St., Georde site7 Ma2 3 , 0  and above 

r e a r  dste arir!  time lat,.-n ions-w d e r t h  KISQ k. ITI .3 -7 

29066 
r. .. :::<I, 6 
r1 L .;) 7 
L U .  +, I  

?::.3,4 
?76,4 

number of ~ ~ c 7 n t ~ .  = i7:l 





SW Utah  Eart hnu2k.e~ i 36+75-38 +00N~ 112 +00-114 + 25W 1 18SI)-June 1962 

k t - n  long-w mag int conment.s 

37-f0+52 112-49.63 3+7 4 
37-40t97 113- 3.95 3t0 3 
37-49+36 112-26t02 2t3 2 SEVERAL SHOOKS (1) 
37-35t00 113-48+00 4.3 5 HEFRUNY~T  LOC FROM (16) 
37- 2t84 112-31t34 310 3 

37- 2c84 112-31+J4 5+7 7 INT=b-7 
37- 6138 113-34+41 5t0 S ASSGN ST* GEOREE7UT (1) 
37-40+?7 113- 3575 3<.0 3 
37-23+58 113-31t20 6t3 8 INT=7-Y:FOUR SHOCKS (1) 
37-23t66 113-31+20 510 S NUHEROUS A'SHOCKS (11 

37- ht36 113-34t41 360 3 F'SHOCK? 
37- 6138 113--34+41 4+3 5 
37-49b36 112-26t02 3t7 4 
37-34,37 i13-4?+7? 4*3 5 (1) 
37-34 137 113-42 t 7i) 3 +0 3 L.OC ASSUHED 9 A'SHOCK'? ( 1) 

37-34t37 113-42+79 3+7 4 A'SHOCK? (1) 
37-34,37 113-42,73 3+7 4 A'SHOCK? (1) 
37- 6+3E 113-34,41 4+3 5 iNT=5-6 
37-40b17 113- 3195 3+0 3 
-. 
37-1Yr04 112-35947 2 + 3  3 

37-48460 113-55+80 3 + 7  4 
37-1?,04 112-35+47 3,0 3 SWARM il) 
37-17t04 112-35.47 263 2 SWARM (1) 
37-1?+04 112-35c47 3+0 3 SWASH !I) 
3i-14+04 112-35+47 2 , 3  2 SURRM (1) 

37-1Yt04 112-35+47 2+3 2 T U B  SHOCKSTSWARM ill 
37-1?+04 112-35t47 310 3 SWfiRM (1) 
37-19104 112-35t47 2+3 2 SWARW (1 )  
37-19.04 112-35647 3t0 3 SWARM (1) 
37-1Yt04 112-35947 380 3 SWhRM (1) 

37-19104 112-35t47 3 i 0  3 SUARM (1) 
37-19+04 112-35t47 360 3 SMARM ! I )  
37-19,04 112-35+47 3t0 3 SWAHH (1) 
3?-19 t04 112-35+47 2 + 3  2 TWO SIiUCKS F SUAF:M? ( 1 ) 
37-14104 112-35+47 310 3 SWAHP?? (1) 
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SW Utah Earthnl~aP.es !36+75-38 '00N7 1!2+C10 -I 14 425W) ; 185G-Lline 1962 

ri: date  u r i s  tirr~e 1st-r~ long-4 mas ir~t. ca;1~1er1t:3 



r r  date o r i 5  t ime  l a t - n  loriG-w d e p t h  n1;?5! no Gar d n ~ n  rn~s n 



SW Utah Eart.hnuakes (36~75-38+00N~l12+00-114+2jW}~ July 1?52-Sppt 1974 



SU Utah Esrthauakes (36+75-38600N~112+G0-114025W)~ Oct 1974-Dec 1981 

rr d a t e  o r i g  t ime lat-1-1 lon+-w depth  ma9 no 9.3~ ds~n r n ~ s  R 



SW Utah Ezrt.hauzkes (36+75-38,00N7112.00-114+254i: Oct 1974-Dec 1981 

r r  iat.e o r i s  t ime  l=t.-n long-w d e p t h  mag no sap dnln rms a 



SW Utzh Eart.hauakes !36.75-38+rJ~Nr112+00-114+25W): Oct 1974-Dec 1?81 

rr date  or is  Lime 1 s t - n  long-w d e p t h  mzG no dar  dn~n rn~s n 



SW Earthauakes (36.75-38+0ON,112.00-114+25W): Oct 1974-Dec 1991 

r r  da t e  o r i g  time la t -n  long-w d e p t h  mad no Gap drr~n rms n 



SW Utah Earthauakes (34~75-38+00N~112+00-114t25W~; Oct 1974-Dec 1981 

r r  d ~ t e  a r i g  t ime  l a t - n  long-w d e p t h  mz2 no 2ap dmn r n s  a 



P2
 
r
 

k
A

 r
 ?

..J
 
k-. 

r.,r
 

F
3

 t
.3

 
t3

 
(

-
L

r
+

 
0
 

b
' 

r
i

J
S

c
r

 
I

X
<

P
~

C
D

#
 

+
b

~
+

~
t

;
j

 ~
3
4
m
3
.
~
-
 

4
 

7
 

t 
A

 
4 

J
 
2
:
 

t
-

 
LC

: 
r

l
 LC
 

r 
O
 

L.
4 

PJ
 
r
 
2
-
 

0
 &

 
L

C
 

r
-
 

-5
- 

+- 
sg
 

r.
3
 0
.
 
- ~

r
l

 
w

 u
 C
. 

w
 

1
3
 e
.
 r

n
 ..
o 

LC
: 

u
 +

 o
 r

~ 
ra

 
LC

L 
2-
 

G
J

E
*

lC
A

W
W

 
r

A
f
-

d
G

I
f
A

W
 

?
+

lL
C

:W
L

C
:C

.4
 

L
C

:
b

lC
..

IU
b

J
 

- 
u

 
u

.
-

J
.

~
u

.
~

 
\

J
~

>
V

W
U

 
W

W
'

J
~

U
 
r
 

r~
 

I
I

I
I

I
 

l
l

l
i

l
 

1
1

1
1

1
 

I
l

l
 

I 
cu
 

l
-
+

r
-
C

w
&

 
L

r
i

b
J

A
W

U
 

b
.l

L
L

n
'n

C
r
l 

*
W

W
 

&
 

5
3
 

P
 

3
 

4
 

1
 

1
-

 L
 

r
 
I>

 m
 4

2 
1
.
2
 

4
 
1
3
-
 P
J

 !
d
 

P.
J 

LC
: 

W
 
-0

 
0
. 

I 
U

 

+
+

.
w

r
r

 
+

+
-

,
d

w
w

 
F

r
r
r
r
 

+
r

+
w

r
 

-
 

+
W

W
C

L
W

 
r
 

+
r

b
-

+
w

 
+

+
+

-
L

r
 

w
 

&
 

1
.3

 
GI

 
r

3
 L

C:
 

LC
: 

P
3

 
1.4
 

P.
3 

PA
 

W
 

t.3
 

P
3

 i
-3

 
t.

3
 

t.3
 

1
3

 1
3

 W
 

PJ
 

0
 

Q
 

1
1

1
I

I
 

I
f

1
1

1
 

I
1

I
I

I
 

I
I

I
I

I
 
1
 

r
 

fA
 

w
 

W
 

W
 
-b

 
C
.rl 

L
rl
 

Lr
l 

&
 

+
 
L
rl
 L

rl
 
L

il
 
Lfl 

L
rl
 

1.
3 

li
l 

LC
: 

.b
 

iQ
 

.- 
f
-

-
o

y
L

r
l
?

 
y

;3
6

1
?

&
 

L
n

W
L

r
:L

r
lI

3
-
 

C
h

P
;b

P
O

 
I 

r
 

*
*

*
*

*
 

* 
- 

J
 

r
.
J
.
€
~
C
*
l
a
C
.
f
l
 

G
J

-
b

f
.J

t
d

&
 

P
J
 

G
r

.
.
~

u
J

~
-

1
3

 w
L

~
~

c
I

C
O

U
 
m

~
r

i
+

r
U

 0
0

-
0

-
t

.
3

 
* 0
 

PJ
 

%
 

\J
 

4
 
u

 r
-
 

W
 

\J 
W

 
\J

 
a.
 
0
 

U
U

U
W

 
U

U
-

.
J

-
.

J
W

 
I .o
 

I 
a

n
 a

a
u

.
 

n
a

n
 o
 
n
 

n
 
3

.
0

a
a

 
cc
: 

+
 





REFERENCES 

Algerrnissen, S.T., 1969, Seismic r i s k  s t u d i e s  i n  the United S t a t e s :  Proc. 
Fourth World Conf. on Earthquake Engineering,  v . 1 .  p. 14-27. 

Algermissen, S.T.,  1982, Regional and na t iona l  se i smic  hazard and r i s k  
assessment: i n  Summaries of Technical Reports ,  Volume X I I J :  U.S. 
Geol . ~ u r v e ~ - - 6 ~ e n - ~ i l e  Rept. 82-65> p.9-10. 

Algermissen, S .T . ,  and Perkins ,  D.M., 1976, A p r o b a b i l i s t i c  estirnat.e of 
maximum acce l e r a t i on  i n  rock i n  t h e  contiguous Un-ited S t a t e s :  U.S. (ieol, 
Survey Open-File Rept. 76-416, 45 p. 

Anderson, J.G., 1979, Estimating the  s e i smic i t y  from geo loy i sa l  s t r u c t u r e  
f o r  se ismic-r isk  s t ud i e s :  Seismol. Soc. America Bul l . ,  \I. 69, p.  155-133. 

Anderson, d .  J.,  and Rowley, P .  D . ,  1975, Cen0zo.i~ s t r a t i  y r a p h y  of south.- 
w ~ s t e r n  High P la teaus  o f  Utah: i n  Cenozoic geology o f  sou thoes t e rn  
High Plateaus o f  Utah: Geol . S o c  America Spec. Paper 160, p. 5-51. 

Anderson, L .  W . ,  and f4 i l l e r ,  D. G . ,  1979, Quaternary f a u l t  map of U t a h :  - 

FUGRO, Inc. , Long Beach, Cal i f o r n i a ,  Spec. Pubi  . , 35 1). w i t h  map 
[ l  :500,000]. 

Anderson R. E .  , 1978, Quaternary  t e c ton i c s  along 'c:h~ Intermountain s e i smic  
b ~ l t  south of Provo, Utah: Brigham Young Univ. Geol. S tud i e s ,  v.  25, 
p t .  1 ,  p. 1-10. 

Anderson, R .  E . ,  1979, Holocene f a u l t i n g  i n  the  western Grand Canyon, 
Arizona: Discussion:  Geol . Soc. America Bul I .  , \ I .  90, p .  221-222. 

Anderson, R .  E . ,  1980, The s t a t u s  of se ismotectonic  s tudies of southwb5tcrn 
Utah: U. S. Geol . Survey, Proc . Spec. Conf . on Eart.hqn;ll:e tlazards A l  onq 
the  IJasatch-Sierra Nevada Frontal  Fau l t  Zones, Open-Fi  l o  Rept. 80-801, 
p .  519-547. 

Anderson, R .  E . ,  Bucknam, R .  C . ,  and Hambl i , n ,  K . ,  1978, Road l og  t o  thr! 
, Quaternary t e c ton i c s  of  t he  ~n te rmounia in  s e i s ~ n i c  b e l t  between Prcivo 

and Cedar C i t y ,  Utah: Geol . Soc. America, Rocky Iblountain Sec. Ann. 
- Mtg., Provo, U t a h ,  April 1978, F ie ld  T r i p  8,  50 p.  

Anderson, R .  E . ,  and -Bucknam, R. C . ,  1979,  Two a r ea s  ,of  p robab le  Holocene 
deformation i n  s o u t h ~ e s t e r n  Utah: ~ e c t o n o ~ h ~ s i " c s ,  V .  52, p .  417-430. 

Anderson, R .  E . ,  and Wehnert, H. M., 1979, Re in t e rp r e t a t i on  of the  
his tory  of t he  Hurricane f a u l t  i n  Utah: ., fjewman, G .  14. , and Goude, 
W .  D . ,  eds . ,  Basin and Range symposium and Great  B a s i n  f i e l d  conference:  
1979 j o i n t  symposium, Rocky Mountain Assoc. of Geo log i s t s ,  Denver, 
Colorado, and Utah Geol . Assoc., S a l t  Lake C i t y ,  Utah, p .  145-165. 



Anderson, R .  E. , 1978, Probabl e Holocene up1 i f  t i n  Escai a n t e  Val 1 ey  anci 
f a u l  t i n g  n o r t h e a s t  of Cedar C i t y ,  Utah (ABS): Geol . Soc. lin~el-ica 
A b s t r a c t s  w i t h  Programs, v.  10 ,  n .  5, p .  209, 

Anderson, R .  E. , and Zoback, M.L. ,  1981 , Subsu r f ace  geometry o f  normal 
f a u l  t s  i n  t h e  n o r t h e r n  Basin and  Ranga Province i nfer rec l  f rom 
s e i s m i c  r e f l e c t i o n  d a t a :  EOS, T rans ,  Am. Geophys. Uniotj, v .  6 2 ,  
n.  45,  p.  960. 

Anderson, R.E . ,  1981, Southwes te rn  Utah s e i s m o t e c t o n i c  s t u d i e s :  i n  Summaries 
o f  Technica l  Repor t s ,  Volume X I 1  I : U , S .  Geol . Survey o p e n - ~ n e  Rept. 
81-833, p. 119-122. 

Arabasz,  W.J., 1981, Se ' i smic i ty  and l i s t r i c  f a u l t i n g  f n  cen1:ra-l and SW Utah 
( a b s . ) :  EOS, Trans .  Am, Geophys, Union, Y ,  62, p. 960. 

Arabasz,  W .  J . ,  and McKee, M.E . ,  1979, Utah ea r thquake  c a t a l o g ,  1850-June 3962: 
i n  Arabasz,  W.J., Smith ,  R.B. ,  and R ich ins .  W.D.  e d s . ,  Ea r thquake  - 
s t u d i e s  i n  t h e  Utah r e g i o n ,  1850-2978: Univers i  t y  of  Utah Seismograph 
S t a t i o n s ,  S a l t  Lake C i t y ,  Spec. P u b , ,  p. 119-143. 

Arabasz,  W.J., and Smi th ,  R . B . ,  1979, I n t r o d u c t i o n :  What  y o u ' v e  always wanted 
t o  know about  e a r t h q u a k e s  i n  Utah: &-I Arabasz ,  W . S . ,  S m i t h ,  R . B . ,  and 
R ich ins ,  W . D . ,  e d s . ,  Earthquake s t u d i e s  i n  Utah,  i850-5 978: U n i v e r s i t j t  
o f  Utah Seismograph S t a t i o n s ,  S a l t  Lake C i t y ,  Spec.  Pub., p, 3 - 5 4 .  

Arabasz,  W.J., and Smi th ,  R . B . ,  1981, Ear thquake  p r e d i c t i o n  i n  t h e  Inter- 
mountain s e i s m i c  be1 t--An i n t r a p l a t e  e x t e n s i o n a l  regirne: 'In Simpson, I). W ,  , 
and R icha rds ,  P.G., e d s . ,  Ear thquake p r e d i c t i o n - - a n  I n t e r n a t i o n a l  r e v i  evr: 
Am. Geophys. Union, Maurice Ewing S e r i e s ,  v. 4 ,  p.  248-258. 

Arabasz,  W.J., Smith,  R . B . ,  and R i c h i n s ,  W.D.,  1980, Ear thquake  s t u d i e s  a l o n g  
t h e  Wasatch F r o n t ,  Utah: Network m o n i t o r i n g ,  s e i s m i c i t y ,  and seisslic. 
hazards :  Seismol .  Sac.  Am. B u l l . ,  Y .  70, p. 1479-1499. 

Arabasz. ,  W. J . ,  1979,  The I4ovember 1971 e a r t h q u a k e  swarm n e a r  Cedar  C i t y ,  
Utah: i n  Arabasz ,  W. J., Smith,  R.  B., and R ich ins ,  I/. D . ,  eds . ,  Cat-th- 
quake s t u d i e s  i n  Utah ,  1850 t o  1978:  U n i v e r s i t y  o f  Utah Seismograph 
S t a t i o n s ,  S a l t  Lake C i t y ,  Utah,  Spec. Publ . ,  p. 423-432. 

Arabasz,  \I. J . ,  Smith,  R .  B . ,  and R i c h i n s ,  ii. D., eds. ,  1979, Earthqtrake 
s t u d i e s  i n  Utah,  1850 t o  1978: U n i v e r s i t y  o f  Utah Seismograph S t a t i o n s ,  
S a l t  Lake C i t y ,  Utah,  Spec. Pub. ,  552 p. 

Armstrong, R. C , ,  1968, S e v i e r  o r o g e n i c  b e l t  i n  Nevada and Utah: Geol.  Soc. 
America Bu l l .  , v.  79, p. 429-458. 

Atwater ,  T. ,  1970, I m p l i c a t i o n s  o f  p l a t e  t e c t o n i c s  for  the Cenozoic  
t e c t o n i c  e v o l u t i o n  o f  wes t e rn  North America: Geol . Soc. America 
Bul l .  V.  81 , p .  3513-3536. 

K-2 



Averi t t ,  P. ,  1962, Geology and coal resources of the Cedar tflorrntain Q u a d r a n ~ l  e ,  
Iron County, Utah: U.S. Geol. survey Prof a Paper 389, 72 p. 

Averi t t ,  P . ,  1964, Table of post-Cretaceous geologic even t s  a1 ong t h e  
Hurricane Fau l t  , . near  Cedar Ci ty  , Iron County, Utah: Geol . Soc. Anlerica 
Bul l . ,  V .  75, p .  901-908. 

Ave r i t t ,  P . ,  and Threet ,  R . L . ,  1973, Geologic map of t h e  Cedar C i ty  q t~adrangle ,  
Iron County, Utah: U.S. Geo? . Survey Geol- Quad. Map GQ-3120, 1:24,000. 

Best, M.G. ,  and Hamblin, W.K.,  1978, O r i g i n  of the  northern Basin and Range 
province: Imp1 i ca t i ons  from t h e  geology of i t s  eastel-11 boirndat-y : -in 
Smith, R.B. ,  and Eaton, G.P., eds.,  Cenozoic t e c ton i c s  and r eg ionT i  
geophysics of t h e  western Cordi 1 7 era : Geo? . Soc. America ,lilemo-i r 3 52 ,  
p. 313-340. 

"Bird, P . ,  1979, Continental delamination and t h e  Co'iorado Pla teau:  J. 
.Geophys. Res., v. 84, p .  7561 -7571. 

Blackv;ell, D.  D . ,  1978, Heat flow and energy l o s s  i n  t h e  western Unit.cd 
S ta tes :  i n  Smith, R .  B . ,  and Eaton, G .  P . ,  eds . ,  Cenozoic t e c t o n i c s  and 
r eg iona lgeophys i  c s  of t h e  western Cordil ]era:. Geo1 . Soc. h e r i  ca Meruoi 1- 
152, p.  175-208. 

Bodell,  J .  M., and Chapman, D. S., 1982, Heat .flow i n  the  north-centr-a1 
Colorado Pla teau:  3 .  Geophys. Res., i n  press  ( s e e  a b s t r a c t  pre-pub1 ished 
i n  EOS, Trans.  Am. Geophys. Union, v .  63, no. 6 ,  p. 158) .  

Bucknam, R .  C . ,  and Anderson, R. E .  1979, Estimation of  f a u l t - s c a r p  ages  
from a scarp-height-slope-angle r e l a t i onsh ip :  Geology, v .  7 ,  no. I .  
p .  11-14. 

Bucknam, R . C . ,  Algermissen, S.T., and Anderson, R.E .  , 1980, P a t t e r n s  of  l a t e  
Quaternary f au l t i ng  i n  western Utah and an app l ica t ion  i n  e a r t h q u a k c  
hazard evaluation:  U.S. Geol. Survey Spec. Conf. on Earthquake Il6zards 
Along t he  tlasatch-Sierra Nevada Frontal Faul t  Zones, Open-Fi l e  Rept. 
80-801, p.  299-314. 

~ u r c h f i e l  , B. C .  , 1980, Tectonics of noncol l is ional  regimes--The modern 
Andes and t he  Mesozoic Cordi l leran orogen o f  the  western United S t a t e s :  
i n  Continental  t e c ton i c s :  National ~cademy of Sciences ,  Si.ud:ies i n  - 
Geophysics, Washington, D . C . ,  p .  65-72. 

Burchfiel , B. C .  ,' and Hickcox, 1972, S t ruc tura l  development of c e n t r a l  Utah: 
Utah Geol . Assoc. Pub1 . 2 ,  p .  55-66. 

Cluf f ,  L.S., Patwardhan, A.S. ,  and Coppersmith, K.J., 1980, Est imat ing t h e  
p robabi l i ty  o f  occurrence of sur face  f a u l t i n g  earthquakes on t h e  Wasatch 
f a u l t  zone, Utah: Seisrnol. Soc. America Bull. ,  v. 70 ,  p. 1463-1478. 

Coney, P.J., 1978, Mesozoic-Cenozoic Cordi l leran p l a t e  t e c t o n i c s :  i n  Smith, 
R.B. ,  and Eaton, G .  P . ,  eds. ,  Cenozoic t e c ton i c s  and reg iona l  geophysics  
of the  western Cord i l l e r a :  Geol. Soc. America Memoir 152, p. 33-50- 



Cook, E.  F . ,  1960, Geologic a t l a s  of Utah, Washington Cor1nt.y: U t a h  Geol. 
and Mineralogical Surv. Bull. 70, 124 p. 

Cook, K. L.  , and Hardnan, E. , 1967, Regional g r a v i t y  surirey of t h e  Ilul-ricane 
Fault area and Iron Springs D i s t r i c t ,  Utah: Geol . Soc. America B u l l .  , 
V. 78, p. 1063-1076. 

Da vis, G. A.,  1980, Problems of in t r ap la t e  extensional t e c t o n i c s ,  \\lest-ern 
United States:  i n  Continental tectonics:  National Academy of Sciences,  
Studies i n  ~ e o ~ F s i c s ,  Idashington, D .  C * ,  p.  84-35. 

Dewey, J .\I. , 1979, A consumer's guide t o  instrumental methods f o r  determi nation 
of hypocenters: Hatheway, A .  W ,  , and McClure, C .  R .  , 3r. , ecis . , Geology 
i n  the s i t i ng  of nuclear power plants:  Geol. Soc. America, Rev-iei.rs i n  
Engineering Geology, v. 4 ,  p.  109-117. 

Dewey, J .I?. , Di 11 inger , W.H., Taggart, 9. , and AT germissen, - S .T .  , 1993, 
A technique for  seimic zoning: Ana;ysis of earthquake loca t ions  and 
mechanisms i n  northern Utah, Wyoming, Idaho, and Montana: i n  ) larding, S.L., 
ed; , Contributions t o  seismic zoning: NOAA Tech. Rept. E R L ~ ~ ~ - E S L  30, 
U.S. Dept. of Coirmerce, p. 29-48, 

~- ~ .. . . . . .. . - . . 

Dickinson, W. R . ,  and Snyder, W. S., 1978, Plate  tec tonics  of the Laramide 
orogeny: Geol . Soc. America Mem. 151 , p .  355-366. 

Dickinson, W. R . ,  and Snyder, W. S., 1979, Geometry o f  subducted s l a b s  r e l a t e d  
t o  San Andreas transform: J .  Geology, v, 87,  p.  609-629. 

Dobbin, C . E . ,  1939, Geologic s t ruc tu re  of the St. George district, Washington 
County, Utah: Am. Assoc. Petroleum Geol, Bull., v. 23, p. 121-144. 

Doser, D.I., 1980, Earthquake recurrence r a t e s  from seismic moment r a t e s  
i n  Utah: M.S. t h e s i s ,  U n i v .  of Utah, S a l t  Lake C-i-ty, 163 p. 

Doser, D.I., and Smith,  R . B . ,  1982, Seismic moment rat.es i n  the Utah region: 
Seisnol. Soc. America Bull.,  v. 72, p. 525-551. 

Eaton, 6 .  P . ,  Wahl, R .  R . ,  Prostka, H. J . ,  Mabey, D. R . ,  and Kleinkopf, 
M. D . ,  1978, Regional gravi ty  and tectonic  pa t te rns :  The i r  r e l a t i o n  
t o  l a t e  Cenozoic epeirogeny and l a t e r a l  spreading i n  t h e  western 
Cordi l lera:  i n  Smith, R .  B . ,  and Eaton, G .  P . ,  eds . ,  Cenozoic tee- 
tonics  and r e F o n a l  geophysics of the western Cord i l l e ra :  Geol. Soc. 
America Memoir 152, p. 51-91. 

Eaton, G. P . ,  1979, Regional geophysics, Cenozoic t ec ton ics ,  and geological 
resources of the  Basin and Range province and adjoining regions: in 
Newman, 6. W. , and Goode, H.  D .  , eds., 1979 Basin and Range s.ymposiurn: 
Rocky Mtn.  Assoc. Geol .-Utah Geol . Assoc., p. 11-39. 

Eaton, G .  P . ,  1980, Geophysical and geological c h a r a c t e r i s t i c s  of the c r u s t  
and the Basin and Range province: i n  Continental l:ectoni cs:  l4ational 
Academy of Sciences, Studies i n  ~ e o F E ~ s i c s ,  Idashignton, D. C . ,  p. 96- 
113. 



Eff in~off ,  I . ,  and Pinezich, A.R.,  1981, Tert iary s t ruc tu ra l  development of 
selected valleys based on seismic data: Basin and Range province, north- 
eastern Nevada: P h i l ,  Trans, ' R .  Soc, London, ser .  I\, v .  300, p,  435-442. 

Fleck, R. J . ,  Anderson, J. J . ,  and Rowiey, P. D. , 1975. Chronology of mid- 
Tert iary vol cani sm i n  High P l  ateavs region of Utah: i n  Anderson, J. J .  . ' 

and others ,  eds., Cenozoic geology of southwestern f4i-$i P la teaus  of 
Utah: Geol , Soc, America Spec. Paper 160, p, 53-61. 

Gel 1 e r ,  R.J. , and Kanamori , N, , 1977, Magnitudes of g rea t  shaf 1 ow earthquakes 
from 1904 t o  1952: Seismol. Sac, America Bull . ,  v .  67, p. 587-598. 

Greensfelder, R.W., Kintzer, F.C., and Somervil le, M. R .  , 1900, Seismc)tecZ:oni c 
reg'l"ona1 izat'ion of t h e  Great Basin, and comparison of nloment r a t e s  
computed from Holocene s t r a i n  and h i s to r i c  se i  smi c i  ty : U.S. Geo'l . Survey 
Proc. Spec. Conf. on Earthquake Hazards Along the Wasatch-Sierra Nevada 
Frontal Fault Zones, Open-Fi I e Rept. 80-801, p, 433-493, 

Griscom, M., 1980, Space-time seismici ty  patterns i n  t h e  Utah region and 
an evaluation of local  magnitude as  the basis of a un-iform ear thqi iake  
catalog: M.S. t h e s i s ,  U n i v .  of Utah, S a l t  Lake City,  132 p.  

Griscom, M., and Arabasz, W . J . ,  1979, Space-time se ismic i ty  pa t t e rns  in t h e  
Utah region: A 300-km-long seismicity gap i n  the  Inetrmountain seismic 
b e l t  (abs.):  Earthquake Notes, v, 50, no, 4, p. 69. 

Gutenberg, B. , and Richter ,  C.F., 1956, Earthquake-magi>-i t ude ,  intensity,  
energy, and accelerat ion:  Sei smol . Soc. America Bu-I 1 . , v. 45, p .  105-.145. 

Hamblin, W, K . ,  1965, Origin of "Reverse Drag" on t h e  do.rnthro:m s i d e  of 
normal f a u l t s :  Geol. Soc. America B u l l . ,  v. 76, p .  1145-1164.. 

)lamb1 i n ,  M. K, , 1970, S t ruc ture  of the western Grand Canyon region: i n  
Hambf i n ,  W. K. , and -Best, M .  G.  , eds. , T h e  western Grand Canyort i i y i o n :  
Guidebook t o  the  geology of Utah ,  no, 23, Utah Geol . Soc., S a l t  I.ak,& 
City, p. 3-20. 

Hamblin, W. K . ,  Damon, P, E. ,  and Bull, W. B.,  f 981, Estimates of ' vertical 
crustal  s t r a i n  r a t e s  along the western margins of t h e  Colorado P3ateau: 
Geology, v. 9 ,  p. 293-298. 

in ,  W.K.,  1970, Late Cenozoic basa l t  flows of t h e  western Grand Canyon: 
i n  Hamblin, W.K., and Best. M.G. ,  eds., The western Grand Canyon region: - 
Guidebook t o  the  geology o f  Utah,, no. 23, Utah Geol . Soc.,  S a l t  Lake 
City, p. 21-37. 

&mil ton, W.,  and I4yers, W, B.,  f 966, Cenozoic tectonics  o f  the  Western 
United States:  Rev. Geophysics, v. 4,  p. 509-549. 



Hanson, K.L., Swam, F .H. I IT , and Schwar-Lz, D .P.  , 1981 , Study of cart\-rctual:~ 
recurrence i n t e rva l  s on t h e  k'asatch fau l  t , Utah: Semi -1innual Tech.  Rept .  , 
U.S. Geol. Surve;~ Contract  No. 14-08-0002-19115, 22 p.  

Hats, W . W . ,  Mil l e r ,  R . D . ,  and King, K.W, ,  1980, Researclt t o  d e f i n e  t h e  
shaking hazard a1 ong t h e  Wasatch f a u l t  zone, Utah : U .S. Geol . Survw, 
Proc. Spec. Conf. on Earthquake Hazards Along t h e  Wasatch-Sierra Nevada 
Frontal Fau l t  Zones, Open-Fi 1 e Rept, 80-8Q1, p .  172-3 80. 

H i l l ,  J .  G . ,  ed . ,  1976, Geology of the  Cordi l leran Hinge1 ine :  Rocky IAounlain 
Assoc. Geol . Symposi urn, 432 p. 

. .  

Hintze, L .  F. ,  1963, Lower Paleozoic of southwestern Utah: i n  Heylrilun, I:. B .  . 
ed., Guidebook t o .  t h e  geology o f  southwestern Utah: 211?~ ' inc1ut? ta in  / issoc. 

. of Petr. Geol., 72th Ann. Fie ld  Conf., 1963, p. 26-29. 

Hintze, L.  F., 1973, Geologic h i s t o ry  o f  Utah: Brigham Young Univ, Geill. 
S t u d . ,  v. 20, P a r t  3 ,  181 p. 

Hintze, L. F., 1980, Geologic Map of Utah: Utah Geological and Mineral Survey 
(1:500,000). 

H u n t ,  C. B . ,  1955, Cenozoic geology of the  Colorado PI a teau :  U. S .  Geot . Sur\tcl.v 
Prof. Paper 279, 99 p. 

tirntoon, P . ,  1977, Holocene f a u l t i n g  i n  t h e  western Grand Canyon, Arizona: 
Geol . Soc. America Bu l l . ,  v .  88, p ,  f 619-1622, 

. 

Huntoon, P . ,  1979, Holocene f a u l t i n g  i n  t he  western Grand Cdityon, Arizona--. 
Reply t o  d i scuss ion  : Geol . Soc. America Bull , , \ I .  90, p .  222-224. 

Huntoon, P. W., Billingsley, G. H. , Jr., and Clark, M. D., 1981, Geologic Map 
oI the Hurricane Fault Zone and Vicinity, Western Grand Canyon, Arizona: 
The Grand Canyon Natural History Association, Grand Canyon, Arizona 
(1:48,000). 

Kel l e r ,  G .  R ,  , Bra i l e ,  L .  W . ,  and Morgan, P . ,  1979, Crus ta l  s t r u c t u r e ,  
geophysical models and contemporary tectonism o f  t h e  Colorado P la teau :  
Tectonophysics, v.  61, p. 131-147, 

King , K.W. , 1982, Ground response i n  t h e  Cedar Ci ty  , Utah,  area (abs .) : 
Sei smol . Soc. America, 1982 Annual' Mtg. , Apri 1 19-21, 1982 (sun~mary 
of a b s t r a c t s  i n  p r e s s ) .  

Kiss l inger ,  K.  Bounnan, J.R. , and Koch, K . ,  1981, Procedures f o r  computing 
focal  rnechani sms from loca l  (sV/P), data :  Sei smol . Soc. America B u l l  . , 
V .  71,  p. 1719-1729. 

Koons, E. D.,  1945, Geology of  t h e  Uinkaret P la teau ,  Northern Arizona: 
Geol. Soc. America Bull ., v .  56,  p. 151-180. 



tipman, P. ,  1980, Cenozoic volcanism in  the tliestern United States:  frrlpl iciitio)ts 
fo r  continental tec tonics :  i n  Continental tectonics:  National Academy 
of Sciences, Studies in ~ e o p F s i c s ,  Washington, D.C .  , p. 161-174. 

Lucchitta, I . ,  1979, Late Cenozoic u p l i f t  of the southwestern Colorado 
Plateau and adjacent lower Colorado River region: Tectonophysics, v .  61, 
p. 63-95, 

Mac Donald, R . E , ,  1976, Ter t ia ry  t ec to~ l i c s  and sedimentary rocks along the 
t ransi t ion,  Basin and Range province to  Plateau and Thrust  Bel t  province, 
Utah: - i n  Hi17 ,' J.G, , ed., Symposium on Geology of t h e  Cordi l leran t-iitlge- 
l ine ,  p. 281-317. 

14cGetchin, 5. R . ,  1979, Introduction t o  special  issue.  Plal:ean u p l i f t :  I4ode 
and Mechanism: Tectonophysics, v. 61, p ,  XI-XII. 

McGelchin, T, I?., Burke, K. C. ,  Thompson, G, A,, and Young, R. A,, 1980, 
Mode and mechanism of plateau up1 i f t s :  - -in BaSly, I\. W. , Render, P. I.. , 
McGetchin, I. R . ,  and Walcott, R, I , ,  e d s ,  , Dynamics of p-late in1.eriorsf 
Am. Geophys. Union, Geodynamic Ser ies ,  v, 9 ,  p, 99-110, 

McKee, M.E., and Arabasz, W.J.,  1981, Microearthquake studies across  the 
Basin and Range-Col orado Plateau t r ans i t ion  i n  centra.1 Utah (abs. ) : 
Earthquake Notes, v. 52, p. 62. 

Molnar, P. 1979, Earthquake recurrence in t e rva l s  and plate tec tonics :  Seismol . 
Soc. America Bull . ,  v. 69, p. 115-133, 

Morgan, W. J., 1972, P la te  motions and deep  mantle convection, * i n ' ~ h a ~ a m ,  
R. ,  ed., Studies i n  ea r th  and space 'scjences: Geol . Soc. America 
Mern, 132, p, 7-122, 

Olson, T.L.,  1976, Earthquake surveys of the  Roosevelt Hot Springs and the 
Cove Fort a reas ,  Utah: M.S. t hes i s ,  Univ.  of Utah, S a l t  Lake C i t y ,  80 p. 

Richins, W. D. ,  Zandt, G . ,  and Arabasz, W. J., 1981, Swarm Seismicit.v along 
the Hurricane f a u l t  zone during 1980-81: A typical example f o r  SW 
Utah (abs): EQS, Trans. Am, Geophys. Union, v ,  62, no. 45, p. 9%- 

Richter,  C. F . ,  1958, Elementary seismology, k!. H, Freeman and Co.,  San 
Francisco, 768 p.  

Rogers, A, M-, Harmsen, S .  C. ,  and Carr, W. J , ,  3981, Southern Great 
Basin seismological da ta  repor t  f o r  1980 and preliminary d a t a  analysis :  
U.S. Geol. Survey Open-File Rept. 87-1086, 148 p. 

Rottl ey, P. D., Anderson, J. J. , Wif f i ams, P.. LI , and F l  cck, R. '1. , 1978a, 
Age of s t ruc tura l  d i f f e r e n t i a t i o n  between the  Colorado Plateaus and Basin 
and Range provinces in  southwestern Utah: Geology, v .  6 ,  p. 51-55. 



Rowley; P. D . ,  Anderson, 3 .  J . ,  Will iams, P. L., and Fleck,  R .  3.  , 1978h, Age 
of s t ruc tura l  d i f f e r e n t i a t i o n  between t h e  Colorado P la teaus  and Basin  
and Range provinces i n  southwestern Utah--Reply: Geology, v -  6,  no. 5, 
p .  572-575. 

Rowley, P. D . ,  Steven, T, A . ,  Anderson, 3. J., and Cunningham,. C.  G.., 1979, 
Cenozoic s t r a t i g r a p h i c  and s t r u c t u r a l  framework of  s o u t h ~ ~ e s t e r n  Utah: 
U .S. Geol . Survey Prof.  Paper 11 49, 22 p. . 

Royce, F., blarner, ES. A . ,  and Reese, 8, L . ,  1975, Thrust belt: siructrrri~l 
geometry and re1 a ted s t r a t i  graphic probl ems, Wyomi ng - Tdaho - 
northern Utah: i n  Symposium o r  ~ e e p  Dr i l l i ng  F ron t i e r s  . in  the 
Central Rocky t!oGtains, p. 41 -54. 

Sbar,  M. L . ,  Barazangi, M . ,  Dorman, J., Scholz, C .  H - ,  and Smith, R .  !I., 
1972, Tectonics of t he  Intermountain se ismic  b e i t ,  western United 
S t a t e s :  microearthquake s e i smic i t y ,  and composite f a u l t  plane 
so lu t ions :  Geol. Soc. America Bul l . ,  v .  83, p .  12-28. 

Scholz, C . ,  Baranzangi , M., and Sbar ,  f4. , 1971 , Late Cen0zo. i~  evol u'iion of 
the  Great Basin, Western United S t a t e s ,  a s  an msSai  ? c  in tera t -c  I ~ a s i n :  
Geol. Soc. America Bull . ,  v.  8 2 ,  p. 2979-2990. 

S h a ~ e ,  D. R . ,  Rowley, P. D . ,  Hey1 , A. Y .  , and Pooie, F. C;. , 52370, Geologic  
framework of the  region t r ave r sed  by Fie ld  Excursion C-2 i n  southwestern  
Utah: in  Shawe, D .  R . ,  and Rotrley, P. D, , eds . ,  F ie ld  E>:cu~-s'io~> I;-%-- 
~uidebook t o  mineral depos i t s  of  southwestern Utah:  U t a h  Geof .. ASSOC. 
Publ. 7 ,  p .  1-7. 

S i l v e r ,  L .  T . ,  Anderson, C.  A . ,  Cr i t tenden,  Id . ,  and Robertson, 3 .  M., 1977, 
Chrono-strati graphic elements of  t h e  Precambrian rocks o f  the sou th -  
western and f a r  western United S t a t e s  ( abs , ) :  Geol. Soc. Amer ica  
Abs. w i t h  Programs, v.  9 ,  not  7 ,  p .  7176. 

Slemrnons, D .  B . ,  1977, S ta te -of - the-a r t  f o r  assess ing  earthquake llazards 
i n  t h e  United S t a t e s :  Report 6 -- .Faul ts  and earthquake 
magnitude:. U.S. Army Corps of Engineers, Waterways Experiment 
S t a t i on ,  Misc. Paper S-73-1, 166p. 

Smith, R .  B . ,  Brai,le, L .  W . ,  and Kel ler ,  G. R . ,  9975, Upper c r u s t a l  low 
ve loc i ty  layers :  Poss ib le  e f f e c t  of high temperatures over  a rnantle  
upwarp a t  the Basin Range-Colorado Plateau t r a n s i t i o n :  e a r t h  and 
Planetary Sci .  L e t t e r s ,  v. 28, p .  197-204. 

Smith, R .  B . ,  1977, I n t r a p l a t e  t e c ton i c s  of t h e  western I jorth American p l a t e :  
Tectonophysics, v. 37, p. 323-336. 

Smith, R .  B. ,  1978, Se i smic i t y ,  c r u s t a l  s t r u c t u r e ,  and i n t r ap l a t - e  t e c t o n i c s  
of the i n t e r i o r  of  t h e  western Cord i l l e r a ,  in Smith, R .  i3. , and Eaton,  
G. P . ,  eds. ,  Cenozoic t e c t o n i c s  and regional  geophysics of the western 
Cordi l lera :  Geol. Soc. America Memoir 152, p .  131-144. 



Smith, R .  B . ,  and Sbar, M. L . ,  1974, contemporary t e c t o n i c s  and se ismic- i ly  
o f  t h e  western United S t a t e s  w i t h  emphasis on t h e  Intermountain 
seismic b e l t :  Geol . Soc. Amer. Bul l . ,  v .  85, p.  1205-1218. 

Smith, R .  B . ,  and Arabasz, ti. J . ,  1979, Se i smic i ty ,  t e c t o n i c s ,  and 
c ru s t a l  s t r u c t u r e  i n  Utah: important aspec t s  from new da ta :  i n  
Arabasz, W .  J . ,  Smith, R .  B . ,  and Richins ,  PI.  D., e d s . ,  Earthq=ke 
s t ud i e s  i n  Utah, 1850 t o  1978: Univers i ty  of Utah Seismograph 
S t a t i ons ,  S a l t  Lake Ci ty ,  Utah, Spec. Pub., p. 395-408. 

Smith, R .  B . ,  and Lehman, R .  B . ,  1979, Ground response spec t r a  from t-lie 
Mc 5.7 Logan (Cache Valley) earthquake o f  1962: i n  / \ rabasz,  W .  J., 
Smith, R .  B . ,  and Richins,  W .  D. ,  eds . ,  ~ a r t h ~ u a k e s t r ~ d i e s  i n  Utah, 
1850 t o  1978: Universi ty o f  Utah Seismograph S t a t i o n s ,  S a l t  Lake 
City,  Utah, Spec. Pub., p. 487-495. 

Snyder, W. S . ,  Dickinson, W. R . ,  and Silberman, M. L . ,  1976, Tec ton i c  
implications of space-time pa t t e rn s  o f  Cenozoic nagmatism i n  t h e  
Glestern United S t a t e s :  Earth and Plan. . Sci.  L e t t e r s ,  v .  32,  p. 91-106. 

Spieker ,  E .  M., 1949, The t r a n s i t i o n  between the  ~ o l o r a d o  Plat.eaus and 
t he  Great Basin: Utah Geological Soc ie ty ,  Guidebook t o  t h e  Geology 
of Utah, No. 4, 106pp. 

Stepp,  J .  C . ,  1972, Analysis of t h e  completeness of  t h e  eart.hquake sample 
i n  t h e  Puget Sound area  and i t s  e f f e c t  on s t a t i s t i , - c a l  e s t imates  o f  
earthquake hazards: Proc. I n t e r n ,  Conf. on Microzonation f o r  S a f e r  
Construction,  Research and Appl i c a t i o n ,  v .  2 ,  S e a t t l e ,  Washington 
Univers i ty ,  p. 897-909. 

Stewart ,  J .  W., 1978, Basin-range s t r u c t u r e .  i n  western North America: A 
review: i n  Smith, R .  B . ,  and Eaton, G .  P., eds . ,  Cenozoic t e c t o n i c s  
and regional  geophysics o f  t h e  western Cord i l l e r a :  Geol , Soc. America 
Memoir 152, p. 1-31. 

S tewar t ,  J .  H . ,  1972, I n i t i a l  depos i t s  i n  t h e  Cord i l l e ran  geosyncl i n e :  
Evidence of a 1 a t e  Precambrian ( ~ 8 5 0  m.y. ) cont inen ta l  s e p a r a t i o n  : 
Geol . Soc. America Bul l .  , v.  83,  p. 1345-1360, 

Stewart ,  3. H . ,  Moore, W. J . ,  and Z i e t z ,  I.., 1977, East-west p a t t e r n s  o f  
Cenozoic igneous rocks ,  aeromagnetic anomal i e s ,  and mineral  d e p o s i t s  , 
Nevada and Utah: Geol. Soc. America Bul l . ,  v.  88, p. 67-77, 

Stokes ,  W. L . ,  1976, What i s  t h e  Wasatch Line?: i n  H i l l ,  J. G . ,  ed . ,  Geology 
o f  t h e  Cordi l leran Hinge1 ine:  Rocky ~ o u n t a z  Assoc. Geol . Symposi urn, 
p.  11-25. 

Stokes ,  W.  L.  1977, Subdivis ions  of the  .major physiographic p rov inces  i n  
Utah: Utah Geology, v .  4 ,  no. 1 ,  p .  1-17. 

Stokes ,  W. L . ,  1979, S t r a t i g r aphy  o f  t h e  W e a t  Basin reg ion :  i n  Ne~man, 
G. b!. , and H .  D. Goode, eds  . , 1979 Basin and Range symposzm: Rocky 
Mountain Assoc. Geol . and Utah Geol . Assoc., p.  195-219. 

K- 9 



S t o k e s ,  W .  L . ,  and Heylmun, E .  B . ,  1963 ,  T e c t o n i c  h i s t o r y  o f  s o u t h w e s t e r n  
Utah: i n  Heylmun, E .  B., e d . ,  Guidebook t o  t h e  geo logy  o f  s o u t h w e s t e r n  - 
Utah: Intermountain Assoc. of P e t r .  Geol . , 1 2 t h  Ann. F i e l d  Conf. , 1963, 
p .  19-25. 

S p p e ,  J . ,  Povrell , C .  , and B e r r y ,  P., 1975, Regional t o p o g r a p h y ,  s e i s m i c i t y ,  
Qua te rna ry  volcanism,  and t h e  presen t -day  t e c t o n i c s  o f  t he  western 
United S t a t e s :  ~ r n e r .  J o u r .  S c i e n c e ,  v .  275-A, p .  397-436. 

Swan, F. H . ,  111, Schuiartz, D.. P . ,  and C lu f f .  L. S. , 1980 ,  R e c t ~ r r e n c c  o f  
moderate- to-1 a r g e  magnitude e a r t h q u a k e s  produced by s u r f a c e  faa1 l . i  n y  
on the  Wasatch f a u l t  zone ,  Utah: Seismol .  Soc.  America I h ~ l l . ,  v .  70, 
p. 1431-1462. 

Sykes,  L .  R . ,  1970,  Ear thquake  swarms and s e a - f l o o r  s p r e a d i n g :  J. 
Geophys. Res. ,  v .  75, p .  6598-6611. 

Thompson, G. A,, and Zoback, M. L . ,  1979, Regional g e o p h y s i c s  of t h e  
Colorado P l a t e a u :  Tec tonophys i c s ,  v .  61, p. 149-181. 

T h r e e t ,  R .  L., 1963, S t r u c t u r e  o f  t h e  Colorado PI a teau  n:argin Isear Cedar  
C i t y ,  U tah :  i n  Heylmun, E.  B . ,  e d ,  , Guidebook t o  t h e  geology  of 
southwes te rn  Utah:  In t e rmoun ta in  Assoc. of Fetr. GeoS . , 1 2 t h  Ann. 
F i e l d  Conf. ,  1963, p,  104-177. 

i f a l l a c e ,  R. E . ,  1980,  A c t i v e  f a u l t s ,  paleoseismology,  and e a r t h q u a k e  
hazards  : Proc.  Seventh  World Conf. on Earthquake Eng inee r ing .  

Wallace,  R .  E . ,  1 8 1 ,  A c t i v e  f a c u l  t s ,  pa ieose ismoloyy ,  and earl .hrluake 
hazards  i n  t h e  w e s t e r n  Uni ted  S t a t e s :  i n  Sirnpson, D. \ I . ,  and 
Richards ,  P .  G . ,  eds . ,  Ear thquake  p r e d i c t i o n  -- A n  - i n t e r n a t i o n a l  rev iew:  
An. Geophys. Union, Maurice Ewing S e r i e s ,  v. 4, p .  209-216. 

Wil l iams,  J .  S. a n d  Tapper ,  M. L . ,  1953, Earthquake h i s t o r y  c)f U t a f ~ ,  
1850-1949: Se ismol .  Soc. America B u l l . ,  v .  4 3 ,  p .  19'1-218. 

. -. 

Wilson, E. D., Moore, R. T. , and Cooper, J. R. , 1969, Geologic Map of Arizona: 
Arizona Bureau of Mines and U. S. Geologic Survey (1:500,000). 

- 
Wilson, J. T . ,  1973, Mantle  plumes and p l a t e  motions:  l e c t o n o p h y s i c s ,  \I. 19, 

p. 149-164. 

Witkind,  I .  J . ,  1975, P r e l i m i n a r y  map showing known.and suspected 
ac t i ve  f a u l t s  i n  Idaho:  U.S .  Geol . Surv.  Open .F i l e  Rep. 75-278, 
71 p. 

Z i e t z ,  1980, Exp lo ra t i on  o f  t h e  c c n t i n e n t a l  crust u s i n g  a e r o n a y n e t i c  d a t a :  
i n  Cont inenta l  t e c t o n i c s :  Na t iona l  Academy o f  S c i e n c e s ,  S t u d i e s ' i n  - 

G e o p h y s i c s ,  Kashington,  D. C.  p. 127-138. 



Zoback, - M . L . ,  1987, S t a t e  of stress inferred f r om f a u l  t-sl i p  d a t a  i n  the 
n o r t h e r n  E a s i s  and Range (ABs): EOS, T r a n s .  Am. Geophys. Union, 
v .  62, n. 17, p .  394. 

Zoback, M. L . ,  Anderson R .  D . ,  and  Thompson, G. A., 1981,  Cainozoic evolu-  
t i o n  of t h e  s t a t e  o f  stress and s t y l e  o f  tectonism o f  t.he t3asin and 
Range province o-F the western United S ta tes :  P h i l .  T r a n s .  [to-yal Soc. 
London, ser, A ,  v .  300, p .  407-434. 

Zoback, M. L . ,  and Zoback, M., 1980, S ta t e  o f  stress i n  t h e  conterminous 
Uni ted  States:  3 .  Geophys. Res., v .  85, p.  6113-6156. 




	Cover

	Table of Contents

	I. Introduction

	II. Conclusions and Recommendations

	III. Operational History and Physical Characteristics of the Dams

	IV. Summary of Regional Geology and Tectonic Framework

	V. Fault Displacement Rates and Recurrence of Surface Faulting

	VI. Summary of Historic Seismicity and Earthquake Recurrence

	VII. Magnitude of Maximum Credible and Maximum Probable Earthquakes

	VIII. Geologic Conditions in the Vicinity of the Dam Sites

	Appendices

	A - Trenching 
	B - Drilling and Sampling 
	C - Test Pit Excavations

	D - Laboratory Testing

	E - Regional Geology and Tectonics

	F - Historic Seismicity and Late Quaternary Fault Activity

	G - Embankment and Foundation Conditions

	H - Listing of Earthquakes of M>=3 within 200 km
 
	I - Listing of Earthquake of M>=3 within 150 km of Cedar City and St. George

	J - Listing of Univ. of Utah Earthquake Catalogue

	K - List of References





